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The white-clawed crayfish Austropotamobius pallipes, is a freshwater crustacean native to 
Europe and is endangered throughout its range due to habitat fragmentation, pollution, 
competition with the invasive American signal crayfish Pacifastacus leniusculus, and the 
associated disease, crayfish plague (Aphanomyces astaci).  Production of captive-born A. 
pallipes for wild release into ark sites is a recognised conservation measure to help halt the 
decline of this species within the UK. 
The aim of this thesis was to optimise aquaculture methodologies to maximise ex-situ 
production of A. pallipes, whilst exploring effective techniques to monitor released 
individuals, so that their activity patterns and long-term survival could be assessed.  A series 
of hatchery experiments were conducted investigating stocking density, grading and dietary 
regimes for rearing juveniles.  Key findings were that young-of-the-year A. pallipes can be 
reared at high densities (300/m2) without compromising survival; however, the optimal 
stocking density that maximised growth and health was 100/m2.  Juveniles exhibit sexual 
dimorphism as early as six-months of age, and sex, rather than size, was the main factor 
that led to dominance hierarchies and growth suppression in juveniles.  Maintaining juvenile 
A. pallipes in single-sex groups was optimal.  Live food was optimal for high survival and 
growth in hatchlings, and a plankton diet produced increased growth in juveniles than a 
pellet diet. 
Key findings for the tagging and tracking studies were that A. pallipes with a carapace length 
of 21 mm and above can be safely injected with passive integrated transponder (PIT) tags 
without survival or growth being compromised.  Detection of PIT-tagged crayfish is limited to 
150 mm, which is reduced to a 45 mm detection range when crayfish are within refuges.  
Long-term tracking using acoustic telemetry can provide useful data on activity patterns; A. 
pallipes are strongly nocturnal and are most active in spring and autumn.  However, the 
methodology may be limited when used in still-water sites possibly due to interference from 
surfaces or other sound waves. 
The findings from this thesis have influenced the aquaculture methodologies now used at the 
Bristol Zoological Society’s crayfish hatcheries.  This has led to increased productivity and 
more wild releases, which are significantly contributing to the conservation effort for this 
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1.1. Crayfish distribution globally 
There are an estimated 650 species of freshwater crayfish, which inhabit all continents, 
except the Indian sub-continent and Antarctic, and which are found in 60 countries globally 
(Figure 1.1); 98% of all crayfish species are endemic to a specific country (Richman et al. 
2015).  Freshwater crayfish live within a wide variety of habitats including rivers, still-water 
systems, riparian, estuarine and even terrestrial habitats (Reynolds et al. 2013).  Crayfish 
are decapod crustaceans that belong to two superfamilies, the Parastacoidea in the 
Southern Hemisphere and the Astacoidea in the Northern Hemisphere.  The Parastacoidea 
contains one family, Parastacoideae, which are restricted to South America, Australasia and 
Madagascar. Astacoidea contains two families, Cambaridae, (the most species-rich family), 
found in Eastern Asia and Eastern North America, and the Astacidae found in western North 
America and western Eurasia.  Within Europe there are five indigenous crayfish species 
(Crandall & Buhay, 2008).  Crayfish can range in size from the tiny lake yabby Gramastacus 
lacus, that lives in coastal lakes and swamps in New South Wales, Australia and is 12-18 
mm long, weighing less than 7 g, to the Tasmanian giant freshwater crayfish Astacopsis 
gouldi, which can live up to 60 years, grow up to 80 cm in length, and weigh up to 6 kg.  All 
crayfish species are similar in anatomy with a body that comprises a cephalothorax and an 
abdomen (Vogt, 2002).  Crayfish are an important element of freshwater ecosystems, being 
keystone benthic invertebrates, important in energy transfer between trophic levels and they 
are also used as food, bait or pets (Gherardi et al. 2011). 
 
 
Figure. 1.1. DistributFigure 1.1. Distribution of all crayfish species (from Richman et al. 
2015). 




1.1.1. Crayfish in Britain and Ireland 
The white-clawed crayfish Austropotamobius pallipes, is found throughout Europe (Figure 
1.2) and it is the only species of crayfish recognised as native to the United Kingdom.  For a 
species to be considered indigenous, within Britain, there need to be records of its existence 
before 1500 AD (IUCN 2003 as referenced in Holdich et al. 2009).  For England, several 
historical records exist that provide evidence that A. pallipes was present in England in the 
10th century.  No information exists for Wales prior to 1500s; however, there is 
documentation of monastic establishments associated with A. pallipes (Holdich et al. 2009). 
In Scotland, there are no native crayfish species, although A. pallipes populations have been 
established there.  In Northern Ireland and the Republic of Ireland, A. pallipes is widespread 
within lowland limestone lakes and river catchments (Reynolds et al. 2002).  The first A. 
pallipes populations in Ireland were reported in 1680; however, it is still uncertain as to 
where they originated from (Lucey 1999).  Up until recently, Ireland was considered to be a 
natural ark site (a safe refuge site for threatened crayfish populations), having no known 
non-native crayfish species present (Reynolds, 1998); however, the common yabby Cherax 
destructor, has recently been discovered within an Irish lake. 
 
Figure 1.2. Distribution of A. pallipes in Europe, the presumed native range within mainland 
Europe is highlighted; black dot represents a population (from Kouba et al. 2014). 




1.1.2. Austropotamobius pallipes life history 
The white-clawed crayfish Austropotamobius pallipes, is a decapod freshwater crustacean, 
one of the largest indigenous freshwater invertebrates in Britain and Ireland and is our only 
native freshwater crayfish.  It is a slow-growing, K-selected species, taking 3-4 years to 
reach sexual maturity (in the wild).  Crayfish mate in late autumn, once day-length and water 
temperatures drop, typically to below 12 °C.  External fertilisation occurs and the male 
delivers spermatophores, via gonopods (modified pleopods), to the females’ ventral 
abdominal surface.  These spermatophores are broken down by the glair secretion produced 
by the females, and fertilise the eggs as they are laid underneath the female’s tail.  Egg-
laying typically occurs within a few days of mating and females will be berried (with eggs) by 
mid to end of November.  The eggs are held, under the abdomen, throughout winter and 
then hatch in late spring / early summer.   
The hatchlings will leave the females after approximately 2-3 weeks, once they have fully-
formed mouth parts and can begin feeding independently.  During the first year of life 
crayfish may moult every few weeks and this growth slows down as they mature.  By the 
time they are sexually mature they will only moult 1-2 times per year in spring and autumn; 
berried females may only moult once per year as they cannot moult when carrying eggs.  
The moulting process (ecdysis) is a process whereby the crayfish sheds its hard exoskeleton 
and the soft cuticle underneath can then take up to 48 hours to fully harden.  Mortality is 
greatest in the first year; survivors who reach sexual maturity, typically live 4-7 years, with 
maximum estimates of up to 8-12 years.  Depending on the rate of growth, they reach a 
maximum size of approximately 12cm (Reynolds, 2012). 
Austropotamobius pallipes is a keystone species in aquatic habitats (Matthews et al. 1993).  
It starts life as a carnivore, feeding on aquatic invertebrates, and then gradually becomes 
more omnivorous; by the time it is an adult it is primarily a detritivore and therefore important 
for ecosystem health.  It is a slow-growing, long-lived species, which has a degree of 
phenotypic plasticity, being able to adapt morphologically to novel environmental conditions, 
making it resilient to translocation.  For example, within a four-month growing period the 
carapace and aerola widths had increased when A. pallipes moved from a lotic (river) to 
lentic (still-water) environment (Haddaway et al. 2012). 
 
 




1.2. Threats to crayfish 
Approximately one-third of all crayfish species are threatened with extinction globally, 
including all species in Europe.  Key threats include habitat fragmentation, pollution, invasive 
crayfish species and associated disease (Richman et al. 2015).  Austropotamobius pallipes 
is classified as endangered by the International Union for Conservation of Nature (IUCN)  
Red List of Threatened Species (Füreder et al. 2010), and listed under Annexes II and V of 
the EU Habitats Directive (Council Directive, 1992) and protected by UK legislation (Joint 
Nature Conservancy Council, 2017).  In the last 20 years this species is suspected to have 
undergone a global decline of between 50-80% following the spread of the American signal 
crayfish Pacifastacus leniusculus and the red swamp crayfish Procambarus clarkii and the 
associated crayfish plague.  The disease is caused by the oomycete water mould 
Aphanomyces astaci (Schultz & Schultz, 2004), in addition to habitat fragmentation, 
degradation and pollution events (Füreder et al. 2010). 
In many regions of the UK, there have been dramatic declines in A. pallipes populations.  In 
a recent assessment by Natural England investigating changes in distribution between 2013 
- 2017, 23 new populations of signal crayfish were found and 23 populations of A. pallipes 
were lost (Chadwick, 2018; Figure 1.3).  In the south west of England, there has been a 70% 
decrease in the number of occupied sites since the 1970s due to the introduction of P. 
leniusculus into Somerset in 1976 for farming (Sibley et al. 2011) (Figure 1.4).  In Wales, a 
few remnant A. pallipes populations remain, which are restricted to streams in the south east 
and a small number of streams in the Wye catchment in Powys (Dyson, 2008).  Within the 
Republic of Ireland, A. pallipes is still widespread (Demers et al. 2005).  In Northern Ireland, 
A. pallipes is restricted to river catchments with suitable water quality; however, A. astaci 
outbreaks have occurred over the past twenty years in seven river catchments, causing the 
collapse of several local A. pallipes populations.  This is despite there being no known 
populations of signal crayfish species within Northern Ireland or the Republic of Ireland 
(Reynolds et al. 2000). 





Figure 1.3.i) Distribution of both A. pallipes and P. leniusculus in 2017, in England; ii) 
changes in population distribution of A. pallipes and P. leniusculus, between 2013-2017; 




Figure 1.4. Distribution of A. pallipes and invasive crayfish species in south west England in 
1975 and 2008 (from Sibley et al. 2011). 
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1.2.1. Invasive species  
Invasive non-native species (INNS) are species that exist outside their natural geographic 
range that cause damage to the environment, economy or human health (Ehrenfeld, 2010).  
INNS differ from non-native or non-indigenous species that have been introduced but do not 
cause harm.  Invasive species characteristics often include short life cycles, rapid growth 
rates, adaptive reproductive traits and a tolerance of a wide range of habitat and 
environmental conditions (Mooney & Cleland, 2001; Pyšek et al. 2020).  Once introduced 
into novel habitats, INNS are often freed from their natural predators and pathogens, which 
may have controlled the species in their native range.  Therefore, the mechanisms of 
population control are lost and they can rapidly increase in numbers and cause problems to 
native taxa.  This is the Enemy Release Hypothesis, which predicts that a species will be 
successful in a novel environment if its natural predators are not present (Keane & Crawley, 
2002).  Habitat destruction further exacerbates species invasions because disturbed land 
can be easier to invade and colonise (Chytrý et al. 2008). 
Invasive species are considered one of the greatest threats to global biodiversity, the largest 
being habitat loss and fragmentation (Millenium Environment Agency, 2005).  They can be 
introduced through a variety of ways such as shipping vessels, via living produce, through 
the horticultural and aquatics trade, or illegally smuggled.  Any species taken out of its 
natural habitat, that causes harm, can potentially become invasive and examples of INNS 
can be found in all taxonomic groups including animals, plants, fungi, parasites and viruses.  
Some of the most serious examples include species such as the mosquito Anopheles 
quadrimaculatus, which is the main vector of malaria in North America; the parasitic chytrid 
fungus Batrachochytrium dendrobatidis that kills millions of amphibians globally each year 
and the brown rat Rattus rattus, native to India, which has spread world-wide causing 
localised extinctions of species and which spreads disease (Lowe et al. 2000). 
The IUCN, through their Species Survival Commission (SSC), Global Species Programme 
and Red List partners, carry out global ecosystem assessments regarding the status of 
native and invasive species, and produce a Red List of Threatened Species.  In Europe, 
there are currently an estimated 12,000 alien (non-native) species of which 15% are 
invasive.  These invasive species are the third largest threat to threatened native species 
(Figure 1.5).  In Europe, there are currently an estimated 354 threatened species (229 
animals, 124 plants and 1 fungus) that are affected by invasive alien species; this is 
approximately 19% of all known threatened European species (Genovesi, 2015).  
 





Figure 1.5 Ranked list of threats to the IUCN Red List assessed species in Europe (adapted 
from Genovesi et al. 2015). 
 
1.2.2. Invasive species in the UK 
There are over 2,000 known invasive species in the UK, which cost the economy 
approximately £1.7 billion annually (Williams et al. 2010).  Invasions have come from every 
continent in the world except Antarctica.  Examples include invasive plant species such as 
Himalayan balsam Impatiens glandulifera, native to the Himalayas, introduced into the UK in 
1839 and Japanese knotweed Fallopia japonica, native to Japan, China and Korea, and 
brought into the UK in 1850 by Kew Gardens.  Both are popular ornamental species (Bailey 
& Conolly, 2000).  These plants will rapidly form monocultures and out-compete native 
species.  Fallopia japonica has prolific roots that cause severe structural damage to 
buildings and is extremely difficult to eradicate.  
The grey squirrel Sciurus carolinensis and American mink Neovison vison, are examples of 
mammalian species that have caused significant declines of our native species, such as the 
red squirrel Sciurus vulgaris and water vole Arvicola amphibius, and these invasives are now 
very well-established (Manchester & Bullock, 2000).  The topmouth gudgeon Pseudorasbora 
parva, a small freshwater cyprinid Asia, was introduced into lakes in the UK in the mid-
1990s.  It has outcompeted native fish species in lakes within England and Wales; some of 
of these lakes have direct connection to river catchments (Britton et al. 2007).  




1.2.3. Invasive species control programmes 
The IUCN Invasive Specialist Group (ISSG) has developed the Global Invasive Species 
Database (GISD) that provides detailed assessments of all ecosystems globally.  The 
overarching aims of these groups are to raise awareness of invasive species and promote 
control, prevention and management techniques.  Integrated Pest Management (IPM) is 
regarded as the most effective way of controlling invasive species.  This method assesses 
all the available control methods and then choses a combination of the most suitable 
applications for the specific situation (Kogan, 1998).  This practice is used worldwide 
particularly for growing valuable crops such as rice, tomatoes, wheat and apples.  The 
cassava Manihot esculenta, is an important staple food in Africa; however, it is susceptible to 
cassava mealybug Phenacoccus manihoti, which has previously devastated crops and 
affected the livelihood of millions of Africans.  A South American species of parasitic wasp 
Anagyrus pseudococci was identified that fed on mealy bugs and was introduced into Africa.  
Within 10 years, it had reduced the mealy bug population by 95% (Daane et al. 2004). 
In 2006, the Great Britain Non-Native Species Secretariat (GBNNSS) was established, 
which is a government-led forum for delivering invasive species control.  From this, the 2008 
GB Non-Native Species Strategy was written, which was revised in 2015 (Defra, 2015).  
These strategies link into the ISSG to ensure that global and national strategies are in line, 
delivering a combination of approaches to INNS management.  Within the UK, IPM is 
delivered by the English branch of Centre for Agriculture and Biosciences International 
(CABI) established in 1992, which has produced bio-control agents for invasive plant species 
within the UK.  Examples include the species-specific rust fungus Puccinia spp. to help 
control species of I. glandulifera and the psyllid Aphalara itadori to help control F. japonica.  
The trials of these bio-controls are still in their infancy; however, preliminary results are 
encouraging (Varia et al. 2016). 
1.2.4. Crayfish invasions globally 
Invasive species are more prevalent in freshwater systems than in terrestrial habitats.  
Crayfish have been widely introduced for both the food trade and in the ornamental fish pet 
trade.  Of particular significance are P. clarkii, native to northeastern Mexico and South-
Central America and C. destructor from Australia, which have been introduced to Asia, 
Africa, Europe and other parts of the Americas mainly for food production harvesting.  These 
are highly adaptable and resilient species that can withstand desiccation, temperature 
extremes and are much larger and more aggressive than the majority of freshwater crayfish.  
Both species have successfully established in wild areas, within their non-native ranges, and 
pose a significant threat to freshwater ecosystems.  In Europe, there are ten known invasive 




species, of which currently P. clarkii and P. leniusculus are the greatest threat to the native 
crayfish species (Gherardi et al. 2011; Kouba et al. 2014; Manfrin et al. 2019). 
 
The parthenogenetic marbled crayfish Procambarus fallax forma virginalis is also of concern.  
All hatchlings are female and genetically identical to the parent.  This species is available 
through the aquarium trade and is a popular hobbyist animal.  It has been released into the 
wild in three continents and occurs in Japan, Madagascar and in several European countries 
(Martin et al. 2010; Patoka et al. 2016).  If the species was to become widespread, the 
consequences could be severe because even one released animal could produce a viable 
population; there is now an EU ban on the importation of this species into Europe (Gherardi 
et al. 2011).  Until recently, Procambarus fallax forma virginalis was the only known species 
of crayfish to reproduce by parthenogenesis; however, P. clarkii is also now known to have 
the ability to produce clones (Yue et al. 2008). 
1.2.5. Crayfish invasions in the UK 
In England, there are now seven known invasive species of crayfish that have become 
established (Ellis, 2014).  The first introduction was in the mid-1970s, when P. leniusculus 
was imported from Sweden to be farmed for the food industry; ironically it was mainly 
shipped to Scandinavian markets.  Crayfish farms were set up throughout England and the 
crayfish escaped into the adjacent waterways and spread rapidly (Holdich & Reeve, 1991).  
Since the 1970s, six more crayfish species have been introduced, with the most recent being 
the white river crayfish Procambarus acutus, introduced in 2012 (Ellis, 2014; Table 1.1).  
Under the Prohibition of Keeping Live Fish (Crayfish) Order 1996 (as amended), created 
under the Import of Live Fish (England and Wales) Act 1980, it is illegal to hold any species 
of non-native crayfish without a licence.  However, there are some exemption areas that 
allow P. leniusculus to be kept without a licence; i.e. in regions where it is already 
widespread in the wild.  Cherax destructor, has also been found recently within Ireland; 
however, there are no known populations of this species in England. 
 
Within the UK, the only non-native species that is allowed within the aquarium hobbyist trade 
is the red-claw crayfish Cherax quadricarinatus, from Australia, which is a tropical species 
and therefore should not be able to breed in the wild in the UK because it is not adapted to 
our aquatic conditions (Gherardi et al. 2011).  In Ireland, the importation of non-native 
crayfish species is banned; however, there are several species available through the pet 
trade.  It is thought that the pet trade is one of the major causes of non-native crayfish being 
released into the wild (Faulkes, 2017). 
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1.3. Crayfish conservation measures in the UK 
In the UK, crayfish conservation is led by the Environment Agency, which has developed a 
national strategy that can then tie into regional strategies (Marshall, 2019).  In an attempt to 
safeguard A. pallipes within south west England, a partnership of organizations, The South 
West Crayfish Partnership (SWCP), has developed a strategic, landscape-scale, 
conservation project.  The project consists of five main strands: (i) mapping of catchments, 
to understand the range and extent of crayfish species present; (ii) establishing ark sites 
(safe refuges) to maintain threatened populations and genetic integrity for both wild-caught 
translocations and captive-born introductions of A. pallipes; (iii) a captive-breeding 
programme developed and maintained at Bristol Zoo Gardens, UK, providing plague-free A. 
pallipes for wild-release and brood-stock for other organisations;  (iv) an outreach 
programme targeting key audiences including waterway users, restaurants, students, school 
children and zoo visitors; and (v) the development of a variety of techniques to control non-
native crayfish species (see Nightingale et al. 2009; Robbins et al. 2013; Nightingale et al. 
2019). 
In Wales, a similar initiative was undertaken, The South East Wales Crayfish Project.  This 
was primarily looking to identify potential donor and ark sites (Smith et al. 2009).  This 
project, carried out by Cardiff University, highlighted the need to investigate the feasibility of 
developing a captive-rearing / breeding programme to provide donor stock for ark sites.  This 
same period saw the inception of the Irfon Special Area of Conservation (ISAC) Project, 
funded by the EU Life+ programme, and led by the Wye and Usk Foundation (WUF).  A 
proportion of this project focused on the conservation of A. pallipes in the Irfon catchment, a 
large tributary of the river Wye.  This work focused on targeted survey effort, habitat 
management and enhancement, assessment of donor and receptor sites, and captive-
rearing at Natural Resources Wales’ Cynrig Hatchery (WUF, 2014). 
1.3.1. Invasive crayfish control  
Historically, the main method of crayfish control was physical removal using trapping, hand 
searches, netting and electrofishing, which can be fairly ineffective especially in river sites.  
De-watering plus physical removal has also been utilised.  Chemical eradication using 
biocides, such as rotenone and pyrethrum has been employed since the early 2000s.  
Rotenone is lethal to many other species and therefore its use is controversial.  Pyrethrum 
was successfully used within still-water sites in Scotland for the eradication of P. leniusculus 
(Peay et al. 2006).  Biocides have an effect on the entire ecosystem and therefore are more 
appropriate for still-water, rather than river sites.  More recently, bait-specific matrices are 




being developed that are target-specific autocidal treatments, which should not affect the 
wider ecosystem; however, they still need to be tested in field trials (P. Stebbing, pers. 
comm. 2017).  Male sterilisation has been trialled where the larger adult males are caught 
and their gonopodia are removed, or the crayfish are sterilised using X-ray radiation (Manfrin 
et al. 2019).  This means that they cannot mate effectively but they still continue to dominate 
and therefore suppress any subordinate males in the area.  Male sterilisation is being trialled 
in Exmoor (Green et al. 2010).  Biological control methods are also employed such as the 
addition of predatory fish species, which when combined with trapping may prove an 
effective control mechanism.  Recent research is now looking into other control techniques 
such as sexual attractants, establishing single-sex populations and RNA interference, i.e. 
gene silencing, to disrupt the insulin-like androgenic gland hormones, which affect 
reproduction and growth (Manfrin et al. 2019). 
Where a crayfish invasion is noted early, physical removal can be effective; however, in 
cases where an invasive species becomes established, then a long-term approach to 
population reduction, rather than eradication, is the most feasible solution.  Currently there is 
no recognised standard control technique.  It is likely that a combined control programme 
using a variety of methods will be the most effective for long-term management. 
1.3.2. Captive breeding for conservation measures 
Captive breeding programmes for conservation translocations have existed since the 1960s 
when the first breeding programme for the Arabian oryx Oryx leucoryx, began at Phoenix 
Zoo, Arizona.  Oryx were distributed to many zoos worldwide and the programme resulted in 
populations being reintroduced in Oman, Saudi Arabia and Israel (Abu-Jafar & Hays-Shahin, 
1988).  Over the past four decades, there have been many successful reintroduction and 
conservation translocations covering a wide range of taxa, with mammal programmes being 
the most prevalent.  It is now estimated that more than 1,300 conservation translocations 
have taken place globally, with varying levels of success (Figure 1.6). 
 
Within the UK, there have been successful conservation translocations of mammal species 
such as water voles Arvicola amphibus (Nightingale et al. 2002), pine martin Martes martes, 
wild boar Sus scofra, and most recently beaver Castor fiber (Jones & Campbell-Palmer, 
2014).  Bird species, such as the red kite Milvus milvus (Evans et al. 1997) and the white-
tailed eagle Haliaeetus albicilla (Evans et al. 2009) have also been reintroduced successfully 
and are now thriving in the UK.  There are also several examples of successful invertebrate 
reintroductions such as the fen raft spider Dolomedes plantarius and the large blue butterfly 
Phengaris arion (www.dolomedes.org.uk/conservation/translocation.html).  The IUCN 




Conservation Translocation SSG have produced comprehensive conservation translocation 
guidelines, which should form the basis of any reintroduction programme and much of its 
success will be down to accurate planning, thorough risk assessments, disease risk analysis 
and adherence to best practice (IUCN, 2013). 
 
 
Figure 1.6. 2018 IUCN assessment of 59 global reintroductions (from Soorae et al. 2018). 
 
1.3.3. Crayfish captive breeding  
Captive-rearing (hatching and rearing juveniles from females mated in the wild), and captive-
breeding (hatching and rearing juveniles from females mated in captivity) of A. pallipes is 
becoming a valuable resource for supplementation of wild populations and ark site 
establishment, both in the UK and in mainland Europe.  In some countries, such as Finland 
and Sweden, wild harvesting is not allowed due to major population declines, and therefore 
crayfish aquaculture is the only method for reintroduction (i.e. to sites known to have 
previously supported native crayfish) and introductions (i.e. to sites not known to have 
previously supported native crayfish).  In Spain, wild populations of native crayfish are now 
at such low levels that wild harvesting is simply not an option (Souty-Grosset & Reynolds, 
2009).  The same situation exists for several areas of southern England and Wales, where 
A. pallipes populations have either become locally extinct or have been reduced to either 
very low numbers or a few isolated populations (Sibley, 2003).  In these cases, captive-
breeding / rearing of crayfish is an effective tool for the preservation of these populations, 
and an essential part of a long-term conservation management programme. 




It is estimated that less than 10% of a brood of A. pallipes will survive to reproduction in the 
wild (Ulikowski, 1996; Ulikowski et al. 2006; Neveu, 2007).  In contrast, in captivity, up to 
90% of a brood can be successfully reared to sexual maturity, and crayfish can mature as 
early as 16 months and typically by their second year (Policar et al. 2010; J. Nightingale 
pers. obs. 2014).  By bringing ovigerous (egg-laden) females into captivity in spring for 
hatching and subsequent rearing of juveniles, survival can be greatly increased and thus 
produce large numbers of crayfish plague-free progeny for supplementation of wild 
populations, or for establishment of ark sites.  If wild-caught females and captive-born 
juveniles are retained in hatcheries for breeding, this will reduce the need for removal of 
further crayfish from sensitive populations outside the recommended survey season.  In the 
case where wild populations have declined to very low numbers this conservation strategy 
has many advantages.  By establishing captive unrelated brood-stock, genetic diversity is 
preserved and maintained in successive generations.  A key element for successful crayfish 
aquaculture is to ensure that the donor population is appropriate and robust to ensure that 
the brood-stock has as much genetic diversity as possible (Fetzner & Crandall, 2001). 
1.3.4. Crayfish hatcheries within the United Kingdom 
The first A. pallipes crayfish hatchery was established In Northern Ireland at Moneycarragh 
fish farm in 2006; however, no restocking with captive-born juveniles from this hatchery has 
taken place (Policar et al. 2008).  In 2009, A. pallipes crayfish hatcheries were established at 
Bristol Zoo Gardens, England at the Natural Resources Wales’ Cynrig Hatchery.  Both these 
hatcheries have the key objective of enhancing local A. pallipes populations by captive-
rearing and breeding for wild supplementations and ark site establishment.  The hatchery at 
Bristol Zoo Gardens has four, fully closed circuits; discrete systems that function as separate 
bio-secure units allowing brood-stock from different wild-caught populations to be held 
separately and simultaneously, (see Nightingale & Rudd, 2011; Nightingale, 2012 for further 
detail).  Bristol Zoo Gardens brings in wild-caught ovigerous females and also retains brood 
stock for closed-cycle, captive breeding of both wild-caught donor stock and captive-born 
individuals.  Females mate in autumn and hold their eggs over winter, which then hatch in 
the following spring. 
To date the Bristol Zoo Gardens hatchery has produced over 5,500 crayfish for ark site 
establishment, wild supplementations, hatchery brood-stock and to create crayfish 
collections at other British and Irish Association of Zoos and Aquaria (BIAZA) institutions.  
Regular health screening of a proportion of the population to be released is essential, to 
safeguard the potential introduction and spread of diseases not previously found in the 
receiving water body.  Work at the Natural Resources Wales Cynrig Hatchery started in 




2008/09 and over time it has developed, with Cynrig presently running three recirculation 
systems with a total volume of 5,300 L and a culture area of 13.7 m2.  Each system is 
discreet to allow rearing of crayfish from different rivers or catchments while limiting 
biosecurity risk.  Each is borehole-fed and isolated from the rest of the fish farm and ambient 
river water to further reduce the chance of disease or pathogen transmission.  Up to three 
donor populations may be targeted in each particular year depending on the location of 
receptor sites.  At the Cynrig hatchery, wild-caught ovigerous females are brought in during 
the spring for egg hatching and for rearing juveniles.  The juveniles are reared and released 
at 10-11 months of age, prior to the next batch of ovigerous females being collected in the 
following spring (see Brown, 2012; WUF, 2014 for further detail).  More recently, juveniles 
have been retained and grown on for captive breeding.  To date, Cynrig hatchery has 
produced over 6,000 juveniles, which have been released predominantly into Welsh rivers 
(O. Brown, pers. comm. 2019). 
 
1.4. Crayfish translocations 
Crayfish translocations involve moving parts of a wild population to a safe area. 
Reintroductions and introductions usually entail the production of captive-reared or bred 
juveniles (collectively referred to as captive-born) for release (Taugbol & Peay, 2004). 
1.4.1. Crayfish translocations in Europe 
In mainland Europe, reintroductions for the endangered crayfish species A. pallipes and 
noble crayfish Astacus astacus, have been taking place for several decades in Austria, the 
Czech Republic, France, Italy, Poland, Portugal, Russia, Spain, Sweden and Switzerland.  
There has been an extensive restocking programme of A. astacus (in countries such as 
Finland, Sweden and Norway) where populations have been wiped out previously by 
crayfish plague, and where there is no evidence of other crayfish species being present 
(Westman, 1992; Taugbøl & Skurdal, 1993).  However, these programmes have a 
commercial value as the populations are maintained for harvesting, usually with strict 
controls on the size limit allowed to be taken (Westman et al. 1990).  In Britain, A. pallipes is 
not harvested for the food industry and therefore translocations (including reintroductions) 
are solely for conservation purposes. 




1.4.2. Crayfish translocations in the UK 
In the absence of fail-proof options to prevent the introduction and spread of non-native 
crayfish species and diseases, measures to safeguard and expand the current distribution 
provide the most feasible hope for securing the survival of A. pallipes in the UK.  Over the 
last decade one such measure, involving the translocation of A. pallipes from threatened 
donor sites to low-risk refuge or ark sites, has been employed at multiple locations across 
the UK with some success.  Ark sites are ‘discrete water bodies with optimal water quality 
that should remain free from invasion by non-native species for the foreseeable future’ (P. 
Bradley, pers. comm. 2010).  The stocking of still-water sites and rivers with A. pallipes 
within Britain has occurred since at least the 18th century (Foster, 1998).  
 In Wales, the earliest recorded introductions were into the River Irfon in the 1800s (Jones, 
1805; Slater, 2002).  In Scotland, the first A. pallipes population was introduced in the early 
20th century to Loch Croispol, Sutherland, in the Durness region of northern Scotland.  More 
recently a second introduction occurred into the Whitemoss Reservoir in Renfrewshire 
(Maitland et al. 2001).  It is only since the 1980s that A. pallipes conservation translocations, 
within the UK, have been occurring specifically as a conservation measure to combat the 
decline of this species due to the introduction of non-native P. leniusculus to British 
waterways.  The majority of these have been translocations of individuals from threatened 
wild populations into isolated ark sites.   
In Britain, ark sites can be either lentic or lotic sites; however, if using river systems, 
hydrological connectivity to non-native crayfish species must be considered.  In south west 
England, nearly all river catchments are compromised with non-native crayfish species, 
primarily P. leniusculus (Sibley et al. 2002).  Therefore, where river sites are used as ark 
sites, a natural or man-made barrier such as a weir or culvert should exist to limit up-stream 
invasion of non-native crayfish species.  Discrete, isolated still-water sites, such as disused 
aggregate and mineral extraction sites, can provide ideal, long-term safe refuge options.  
Extraction operations often produce permanent water-filled sites that are suitable for A. 
pallipes with no further modification required.  These quarry sites provide not only effective 
crayfish ark sites, but are also natural reserves for a plethora of species (Whitehouse et al. 
2009). 
The short-term measure of success for any newly established ark site will be to determine 
whether breeding has taken place over the first few years following translocation.  Since the 
1980s, within the UK and Ireland, there have been a variety of ark sites established and river 
supplementations into headwaters.  In all the cases cited, the ark sites were established by 
translocating wild-caught individuals from threatened populations rather than setting up 




captive-rearing and breeding programmes.  Prior to the inception of the SWCP, there had 
only been two known captive-reared A. pallipes reintroduction within England.  In 
Derbyshire, an A. pallipes population in the River Lathkill was wiped out by crayfish plague in 
1993, and both captive-reared juveniles and wild-caught crayfish were reintroduced from 
2000 over several years (Rogers & Watson, 2011).  In Yorkshire, a small scale captive-
breeding programme at Settle has been producing A. pallipes for over 12 years and in 2013, 
the first reintroduction was performed by releasing 20 captive-born individuals into a stream 
in the Yorkshire Dales headwaters (P. Bradley pers. comm.). 
1.4.3. Ark site establishment in south west England 
Over the past decade, the SWCP has established 17 ark sites in six counties: Cornwall, 
Devon, Dorset, Gloucestershire, Hampshire and Somerset and one captive-bred river 
supplementation in Hampshire.  The ark sites have been established either with wild-caught 
translocated A. pallipes from local, threatened populations, or with captive-reared or bred 
juveniles.  Specifically, eight of the south west England ark sites have been established at 
river and eight at still-water sites, (Figure 1.7).  Over 3,800 wild-caught A. pallipes have been 
moved from eight, highly threatened, natural populations into 13 ark sites.  More than 2,300 
captive-born crayfish have been released into four ark sites, and one ark site has been set 
up with both wild-caught and captive-reared and bred individuals.  Bristol Zoological Society 
is attempting to safeguard these populations by hatching juveniles for wild supplementation 
and maintaining brood-stock groups to be held ex-situ within the hatchery. 
 
 
Figure 1.7. Releasing A. pallipes into the Candover Stream, River Itchen, Hampshire, as part 
of an on-going river supplementation programme © J. Nightingale. 
 




1.4.4. Post-release monitoring 
An important element of both river supplementation and ark site establishment is to ensure a 
long-term monitoring programme is in place.  Determination of presence and absence is the 
only possible form of monitoring in the early stages of ark site establishment; population 
estimates are not attempted.  This is because it would be very disruptive, to the crayfish, to 
try to disturb all potential habitat areas, within a release site, to assess catch per unit effort 
(CPUE) and from this attempt to extrapolate population abundance.  Even if detection is 
unlikely in the year following introduction, most ark sites are at least visited, but not 
necessarily surveyed, to ensure that habitat conditions still remain favourable.  This is 
important so that, in the event of failure, there may be a record as to why establishment was 
unsuccessful.  All wild-caught translocations were with crayfish with a carapace length 
greater than 15 mm; if crayfish are smaller than this they are more prone to predation when 
released.  Therefore, if juveniles are found in subsequent years during monitoring this 
indicates that the population is now breeding.  When captive-born introductions occur this 
usually takes place with young-of-the-year juveniles (crayfish that have hatched that year), 
due to space being at a premium to allow for further ovigerous females to be housed.  
However, in the past few years at Bristol Zoo Gardens, juveniles have been reared within 
hatcheries for longer, so that they are at breeding size when released. 
Of the 18 sites (17 ark sites and one wild supplementation) that have been set up by the 
SWCP since 2008, 16 have been surveyed and, out of those 16, 12 (75%) showed presence 
of A. pallipes as recently as 2019.  In five of them (31%), juveniles have been found, 
suggesting that the populations are now established and breeding.  The average time before 
crayfish were detected was four years; however, in some cases crayfish were found the year 
following the introduction and in others it took up to five years to detect them (J. Nightingale, 
pers. obs.). 
A variety of monitoring techniques are employed such as baited trapping, artificial refuge 
traps, stone turning, torch surveys and diver surveys.  Advances in the use of environmental 
DNA (eDNA), where the habitat is sampled for crayfish DNA, which has been released from 
the animals, has great potential and could soon be a reliable technique for monitoring 
presence at ark sites and in wild populations (Treguier et al. 2014; Geerts et al. 2018; 
Mauvisseau et al. 2018; Strand et al. 2019). 
 




1.5. Research gaps  
1.5.1. Aquaculture  
The aquaculture industry is fast-growing and currently provides approximately 50% of all 
food produced globally (Wang et al. 2015).  More than 11,000 tonnes of freshwater crayfish 
are produced annually, with the majority from four key continents: 56% from China, America, 
40% from America, 3.6% from Europe and less than 1% from Australia.  The main species 
that is farmed is P. clarkii, accounting for 70-80% of the crayfish produced commercially 
(Huner, 1994; McClain & Romaire, 2004; Ackerfors 2000). 
This is because this species has high fecundity and is tolerant to a range of environmental 
conditions.  Consequently, crayfish aquaculture research has mainly focussed on the 
species with high commercial value and numerous studies exist regarding P. clarkii and its 
sustainable farming solutions (Jin et al. 2019a), reproduction, growth and survival (Jin et al. 
2019b).  In Europe, the main commercial focus is on native noble crayfish Astacus astacus, 
for both food production and for restocking threatened wild populations (Harlioğlu & 
Harlioğlu, 2004).  There are also commercial fisheries for the production of invasive P. 
leniusculus for food (Gherardi et al. 2011). 
Without a commercial value, there have been considerably fewer studies on A. pallipes and 
historically this species had a reputation for being a difficult crustacean to breed and rear 
successfully in captivity.  Over the past three decades, there were studies on several key 
elements of its life cycle and associated husbandry.  These included studies investigations 
on the stages of embryonic development (Celada et al. 1991) and studies on breeding 
(Woodlock & Reynolds, 1988; Reynolds et al. 1992; Carral et al. 1994; Pérez et al. 1998; 
Policar et al. 2010; Caprioli, 2014); artificial incubation (Pérez et al. 1999; Carral et al. 2003).  
Additionally, studies on nutrition (Gherardi et al. 2004); rearing temperature (Paglianti & 
Gherardi, 2004); behaviour and refuge use (Ghia et al. 2009; Tricarico & Gherardi, 2010).  
There was a marked improvement in young-of-the-year astacid crayfish studies, when it was 
recognised that there was a critical life-stage, post-hatching when the crayfish move from 
using their egg-yolk stores, to having fully-formed mouth parts for exogenous feeding.  
Therefore studies could be flawed by the quality of the first foods given, typically commercial 
fish farm fry feeds, which were not sufficient for promoting high survival rates (Gonázalez et 
al. 2010).  Live food was tested on hatchling P. leniusculus and high survival rates (> 80%) 
were achieved (González et al. 2008).  After realising that survival rates were significantly 
increased by feeding live food rather than fish pellets, it was then apparent that the results of 
previous studies may have been skewed by a lack of adequate nutrition.  Survival may have 




been reduced due to poor nutrition rather than being caused by the treatment being tested, 
such as refuge or density (Gonzáez et al. 2011; Celada et al. 2012). 
There still remains a wide difference in opinion as to suitable densities for A. pallipes young-
of-the-year rearing, feeding regimes and grading, and there is a need for more research into 
the aquaculture techniques for this crayfish species, in order to optimise production.  
1.5.2. Monitoring 
With the increase in ark sites being established and wild population translocations, the need 
for robust, long-term ark-site monitoring is pivotal to their success.  This monitoring will help 
assess success and failures and feedback into how future translocations are carried out.  To 
facilitate the monitoring, an effective way of permanently tagging crayfish so that they can be 
individually identified is required.  The benefits of permanently marking crayfish pre-release 
are clear, they allow status of the reintroduction to be more accurately assessed.  Tagging 
helps to show migration, survival and population recruitment and therefore it can be an 
important element when trying to understand the success of an ark site.  Marking crayfish 
with Passive Integrated Transponders (PIT) tags has been trialled on captive adult P. 
leniusculus (Bubb et al. 2006) and A. pallipes in the wild (Bubb et al. 2008; Louca et al. 
2014; Stead et al. 2015); however, there are no long-term ex-situ trials to determine the 
impact of tags on survival or growth, or to confirm whether sub-adult A. pallipes can be 
safely tagged.  Tracking PIT-tagged crayfish remotely in the wild has had limited success 
with hand-held antenna, individual crayfish will only be detected intermittently over a survey 
period (Stead et al. 2015).  Using either active tracking or in-stream antenna to detect PIT-
tagged aquatic species can have relatively poor results when smaller species are tagged; 
the smaller size PIT-tag will reduce its detection ability (Burnet et al. 2013).  Within 
aquaculture facilities, space is always at a premium and therefore there is a desire to release 
young-of-the-year crayfish to free up space in tanks for breeding, and before juvenile 
aggression causes survival and welfare issues.  If young-of-the-year crayfish are released, 
they are more prone to predation from apex predators, such as dragonfly larvae and newt 
efts (juveniles), especially in still-water sites (Gydemo et al. 1990; O’Neill et al. 2011).  Such 
sites are often favoured as arks as they offer more potential protection from invasion; 
however, without fish species present, efts and Odonata larvae populations can rapid ly 
increase (Gydemo et al. 1990).  This means that crayfish need to be released when they are 
larger i.e. at size > 20 mm carapace length.  Crayfish are usually tagged, prior to release, to 
enable more information to be gathered regarding their movements and survival.  Therefore 
there was a need to establish the minimum size that a crayfish could be tagged and how 
PIT-tagging affects A. pallipes long-term.  It was also important to assess whether PIT-




tagged crayfish could be reliably detected, once released, using remote antenna.  The use of 
radio tracking (active telemetry) with astacid crayfish species has been explored; with P. 
leniusculus (Anastácio et al. 2015; Bubb et al. 2006); and A. astacus (Bohl, 1999; Schiltze et 
al. 1999; Daněk et al. 2018).  Radio tracking studies provide snapshots into crayfish activity 
and there have also been studies investigating A. pallipes using this technique (Robinson et 
al. 2000; Bubb et al. 2006).  Acoustic telemetry has been used with many aquatic species 
over the past five decades and in more recent years it has been tested with lobsters 
(Macarthur et al. 2008; Moland et al. 2011; Skerritt et al. 2014).  Passive acoustic telemetry 
allows data to be collected continually over long time periods. 
 
1.6. Research aims, objectives and thesis outline  
Crustacean aquaculture is a commercially valuable industry and there have been many 
studies looking at aquaculture techniques; however, this is typically for the larger 
Cambaridae species that have a high commercial value.  Austropotamobius pallipes has 
only been bred for conservation purposes and therefore there are only a few published 
papers regarding its aquaculture. 
The overall aims of the thesis are: (i) to improve aquaculture techniques, to increase the 
production of captive-bred A. pallipes for wild-release or captive-breeding programmes; (ii) to 
explore how these animals can be tagged, prior to release, so that their long-time survival, 
and success of the ark-sites can be ascertained; and (iii) to investigate how crayfish utilise 
an ark site, once released, to help inform future restocking programmes. 
Chapter 2 provides details on the animals utilised for the experiments, the aquaculture 
facilities used and the associated methodologies and husbandry techniques utilised for each 
of the studies. 
Chapter 3 investigates the optimal density for ex-situ breeding and rearing of A. pallipes 
hatchlings through the first year of life, prior to wild-release.  The hypothesis that young-of-
the year A. pallipes can be reared at high density without survival and growth being 
compromised is tested.  This study identified a need to explore whether there were optimal 
size-ratios or if single-sex groups would be a more effective way of rearing young-of-the-year 
A. pallipes. 
Chapter 4 builds upon the results of chapter three and explores whether it is beneficial to 
keep young-of-the-year A. pallipes in single-sex groups and / or size-graded groups.  The 
hypothesis that juvenile A. pallipes exhibit sexual dimorphism as early as six months of age 




and young-of-the-year male A. pallipes are more aggressive and dominant than the females 
is tested. 
Chapter 5 investigates whether live food is a necessary component for hatchling A. pallipes 
for optimal survival and growth during the critical first few weeks of life or if other diets, which 
have been effective in other commercially bred crayfish species, can have good survival 
rates.  Can commercially manufactured crayfish pellet diets produce equally good survival 
and growth in three-month-old juveniles, once the critical feeding stage is over?  The 
hypothesis that live food and plankton, followed by just plankton, will produce the highest 
growth and survival rates in young-of-the-year A. pallipes, is tested. 
Chapter 6 investigates whether a permanent marking system using passive integrated 
transponders (PIT) tags is viable with sub-adult and adult A. pallipes.  The hypothesis that 
PIT-tagging will not affect survival and growth and determine is tested and the minimum safe 
size for PIT-tagging is ascertained.  In the second part of the study, the minimum detection 
level of PIT-tagged crayfish ex-situ is investigated, to determine if there are benefits of 
tagging crayfish, using larger PIT tags. 
Chapter 7 investigates how crayfish uti lise ark sites by using acoustic telemetry.  Is acoustic 
telemetry an effective tool for monitoring crayfish activity long-term and can it be used to 
investigate crayfish activity patterns and refuge fidelity?  The hypothesis that crayfish will 
return to their territories if released away from them is tested. 
In Chapter 8, key findings from this thesis, are discussed, addressing the primary questions 
of the dissertation, leading on to the broader implications of the results, and suggesting 
appropriate conservation measures and directions for future studies. 
 
1.7. Ethics and licensing  
All experiments were approved by the University of Bristol’s Animal Welfare and Ethical 
Review Board (AWERB) and the Bristol Zoological Society’s Conservation, Ethics and 
Sustainability Committee (CESC).  Wild collection of animals was carried out under Natural 
England crayfish survey licence and an Environment Agency trapping licence.  Crayfish 
were maintained in captivity under a Natural England scientific handling licence.  The 
Crayfish Research Unit was inspected and certified as a hatchery facility by the Centre for 
the Environment, Fisheries and Aquaculture Science (Cefas).  The still-water ark sites were 




















JAN designed the Crayfish Research Unit (CRU) in Priddy, Somerset, which was then 
constructed by Tim Clements.  JAN based all the crayfish husbandry methods on pilot trials 
carried out at the Bristol Zoo Gardens hatchery in liaison with Holly Thompson her crayfish 
aquarist, or from pilot studies that were carried out in the CRU.  All collection and survey 
methods were designed based on best practice guidelines for crayfish or with guidance from 
fellow practitioners. 
 




This chapter introduces the methods that are common to all the data chapters, including 
information regarding the study areas, the survey and collection methods for the wild-caught 
crayfish in the tagging experiments and the females that were sourced to provide the 
juveniles for the experiments.  It also provides details about the aquaculture facility and 
general husbandry methods that were common to all the ex-situ hatchery experiments. 
 
 
Figure 2.1. Location of Lam Brook, Bath & North East Somerset, circled in yellow (from 
www.bathnes.gov.uk/site). 
 
2.2. Study area 
The white-clawed crayfish Austropotamobius pallipes caught and bred for the research 
experiments were all from one donor stock of wild-caught animals collected from Lam Brook, 
a river within the Bristol Avon river catchment (the river catchment that contains rivers and 




streams within counties around the city of Bristol).  Lam Brook is approximately 4 km long 
and flows in a southerly direction through two English counties.  It rises at several springs at 
Lansdown, Toghill and Cold Ashton, at the southern end of the Cotswold Hills in the county 
of South Gloucestershire, and flows to Lambridge, Bath, in the county of Bath & North East 
Somerset, where it joins the River Avon (Bristol Avon) (Figure 2.1).  The river population is 
one of the only remaining abundant and thriving A. pallipes populations in southwest 
England and it is under threat from potential pollution events plus invasive signal crayfish, 
Pacifastacus leniusculus, which are present in the Bristol Avon.  There are physical barriers 
such as water mills to prevent signal crayfish moving upstream into the Lam Brook, which 
may be a reason for the health of the population of A. pallipes. 
 
2.3. Collection & production of A. pallipes 
2.3.1. Collection of wild-caught A. pallipes for the Crayfish Research Unit 
All aquaculture research that took place at the Crayfish Research Unit (CRU) in Priddy, 
Somerset was with first generation captive-born A. pallipes, born from wild-caught donor 
stock from Lam Brook.  The standard survey season for crayfish is between July and 
October; however, a Natural England scientific licence permitted capture of ovigerous A. 
pallipes females in spring, between March and May, outside the typical survey season.  The 
survey team involved in this process was the author plus other team members and 
volunteers from the Bristol Zoological Society’s UK Conservation Team.  Ovigerous female 
crayfish, (females with fertile eggs attached; Figure 2.2.iv), were collected from Lam Brook 
during March and April of 2013, 2014 and 2015 by hand searches and the use of artificial 
refuge traps (ARTs). The ARTs were positioned within river banks for four weeks prior to 
checking.  The ARTs are a series of PVC pipes of varying diameters (32-63 mm) attached to 
a metal base plate, (Figure 2.3.ii), that are placed in a water body, on the bedrock, under 
banks, or within tree roots, perpendicular to the water flow.  The ARTs were secured in place 
by tying them to a nearby structure such as a tree or root and then weighting it down with a 
large stone or brick.  When an ovigerous female was captured, the animal was placed into a 
pot, which was a modified 250 mL lidded bait box, drilled to allow for water exchange.  Grass 
and river water were added before the female was retained in the pot within a make-shift 
corral, (constructed with river stones), at the river bank until the required number of females 
were found (Figure 2.2.iii).  The animals were then transported, within their individual pots, 
contained in a larger polystyrene box with grass and water packed around them, to minimise 
movement.  During transportation, air conditioning was used, to minimise temperature 




fluctuations and to ensure that the water temperature remained similar (± 2 °C) to the river 
temperature at the time of collection.  At the aquaculture facility, crayfish were acclimated to 
the new system by slowly adding hatchery water to the polystyrene box containing pots over 
a 10-20 minute period.  When water temperature was the same within the collection pots 
and the hatchery tanks, each female, in her individual pot, was added to one of the system’s 
glass tanks and then carefully removed from their pot and placed into a plastic pipe, which 
acted as a refuge.  The females were then closely monitored and checked regularly to 
assess the stage of egg development, to ensure that the time of hatching for each female 
was noted and recorded.  Once the juveniles had hatched and were free-living, the females 
were retained in captivity for a further 2-3 months, and then released within a local ark-site (a 
safe site that is free from invasive crayfish species), once they had moulted and were 
feeding well.  A proportion of crayfish (5%) were health screened by Centre for Environment, 
Fisheries and Aquaculture Science (Cefas, Weymouth, UK), to ensure no novel diseases 
were introduced back into the rivers, in line with the International Union for the Conservation 
on Nature, (IUCN) reintroduction guidelines (IUCN, 2013).  Of particular concern was white 
spot syndrome virus (WSSV) that is found within prawn farms.  The first epidemic of this 
virus was in Taiwan in the 1990s; however, there are no known cases in the UK (Wu et al. 
2005).  Crayfish were also screened for porcelain disease caused by the microsporidian 
parasite Thelohania contejeani and for crayfish plague Aphanomyces astaci, an oomycete 
fungus or water mould. 
2.3.2. Collection of ark-site crayfish for acoustic telemetry study 
For the acoustic telemetry study (chapter 7), A. pallipes were captured from the still-water 
ark-site where the research took place, Vobster Quay Inland Diving, Somerset, a public dive 
site within a 55 ha freshwater quarry, (grid reference: ST 705 498).  In this case, plastic 
mesh crayfish funnel traps were used (Figure 2.2.i).  The traps measured 595 x 300 mm, 
with a 12 mm mesh width and an entrance of < 90 mm (to prevent otters being trapped).  
This type of trap was used rather than the ARTs because the site was a deep-water site 
(maximum depth 25 m) and therefore the ARTs were not the most effective method of 
trapping.  This is because the ARTs would have to be attached to very long lines and thrown 
in rather than positioned manually, which would mean that they might not land flat on the 
bottom, which might prevent the crayfish from entering them.  The funnel traps were baited 
with sprats and left in the quarry overnight, tied to bank-side trees. 




2.3.3. Production of captive-bred A. pallipes for ex-situ experiments 
Once the juveniles had hatched, the females were monitored daily to prevent cannibalism of 
their youngsters.  When the eggs hatch, the females produce a brood hormone that inhibits 
their feeding.  This hormone is recognised by the juveniles as ‘safe’ (Little, 1976).  
Stimulation by juveniles on the mother’s pleopods may reinforce the feeding inhibition.  The 
hatchling crayfish undergo two moults whilst on the female.  At stage-1 (Figure 2.3.i) they 
lack a fully-developed tail and remain on the female’s pleopods at all times.  As the juveniles 
become more independent at stage-2, (when they are fully formed; Figure 2.3.ii, iii & iv), the 
lack of mechanical stimulation of the hatchlings and the reduced weight on the pleopods 
may cause the females to revert to normal feeding and therefore begin to cannibalise their 
young (Little, 1976).  The youngsters utilise their egg yolk as food for the first two weeks 
post-hatching, and then start foraging once their mouth parts develop.  Once at stage-2, the 
juveniles were either used in the experiments or maintained within their brood group, until 
they were required for an experiment. 




   
  
   
Figure 2.2.i) Collapsible baited crayfish traps; ii) Artificial Refuge Traps (ARTs); iii) deploying 
a baited trap; iv) stone-turning searching for crayfish; v) corral of bait pots containing 








   
 
   
Figure 2.3. Austropotamobius pallipes: i) female with spermatophores; ii) adult male; iii) 












2.4. Aquaculture facilities 
2.4.1. Crayfish Research Unit 
The aquaculture experiments were conducted from July 2013 through to August 2018 within 
the indoor Crayfish Research Unit (CRU), in Priddy, Somerset, (grid reference ST 527 515).  
The CRU was built within a wooden shed (1.8 x 2.4 m).  The system frame was constructed 
from recycled plastic wood (Kedel Ltd, Lancashire, UK) and was a small-scale closed 
system of 24 glass, 45 L tanks, that recirculated, via a Tropical Marine System 1000 
reservoir-based filtration unit, including mechanical filters, a fluidised sand filter and a trickle 
tower filter (Tropical Marine Centre, Bristol, UK) (Figures 2.4; 2.5; Table 2.1).  Total system 
volume was 1100 L, with a turnover rate of three times per hour.  Temperature was kept 
within a maximum range of 5 °C per day using three heaters during the winter months and 
two chillers (Aquamedic Ltd, Leicestershire, UK) during the summer, run in tandem to build 
in a safety margin.  Water replacement was from rainwater harvested within a 300 L 
polyurethane storage tank, collecting water from roof gutters.  The system was remineralised 
with calcium, magnesium and iron sulphates, to ensure that there were adequate hardness 
and calcium levels within the system.  Extra aeration was provided to the tanks via an air 
pump (Evolution Aqua Ltd, Greater Manchester, UK) and additional sponge filters were 
added to each of the tanks to provide additional filtration and to ensure that there was 
enough oxygen within each.  No artificial light was added to the building, which had a large 
window to allow lighting by natural daylight. 
 
Figure 2.4. Schematic diagram of the Crayfish Research Unit, Priddy, Somerset; UV is 
ultraviolet filter; C is chiller; P1, P2 & P3 are submersible pumps; H is heater; F1 & F2 are 
filters; S is filter bag. 




Table 2.1. Crayfish Research Unit technical specification of equipment items used. 
Item Detail Size/rate 
System volume Total including tanks, reservoir and tank 1,100 L 
24 x Seashell Aquariums 
Ltd 





PVC ring-main Pipe ring-main from sump to filter & UV, 
surface supply to tanks and returning to sump 
via 5 mm meshed outlets that drain into 
wastepipe to sump 
50 mm ring-main pipe                       
25 mm tank inlets   32 
mm tank outlets 90 
mm waste pipe 
Reservoir HDPE 250 L 
UV - TMC P2 110 Ultra violet steriliser 110 w; 3 x per hour  
C - Aquamedic Titan 500 2 x chillers  run in tandem in summer 150 w 
P1 - TMC V2 Power 1300 Submersible sump pump to run chiller 25.5 w 
P2 - TMC V2 Power 5500 Submersible sump pump to run system 105 w; 3 x per hour 
turnover rate 
H - XiLong heaters 3 run in tandem to achieve a seasonal range 
between 5 - 22 °C 
1 x 500 w 
2 x 300 w 
P3 - TMC V2 Power 800 Submersible sump pump to run fluidised sand-
filter 
13.5 w 
F1 -  TMC System 1000 Trickle filter tower 1000 L 
F1 - TMC bio-rings Polypropylene filter media for tower 30 mm 
F2 - TMC V2 – Bio 1500F Fluidised sand filter  1500 L 






S - TMC filter bags 2 x polyester felt filter to trap waste particles 
from waste pipes returning from tanks 
50 micron mesh 
Evolution Aqua 
Airtech130 
Air compressor to supply air to sponge filters 
and reservoir – not shown 
130 L via 8 mm airline 
Boyu SF-100 24 x sponge filters in tanks – not shown 50 L capacity 
 
 




     
 
 
Figure 2.5. The Crayfish Research Unit, Somerset: i) the 24-glass tiered system; ii) the 
filtration reservoir; iii) the shed © J. Nightingale.  
i ii 
iii 




2.4.2. Ubley Hatchery 
The pit-tagging experiment (chapter 6) took place from January 2015 through to January 
2016, at a local fishery hatchery in Ubley, Somerset, owned by Bristol Water, a local water 
company (Figure 2.6).  This system consists of seven fibreglass tanks (1850 x 1850 x 500 
mm; 3.42 m2 bottom area), on a flow-through system using water from one of the local water 
reservoirs.  Temperature therefore fluctuated naturally and was dependent on the local 
reservoir temperature.  Water flowed out of the tank via a 2 mm meshed downpipe.  All tanks 
were lidded and water level was kept low to avoid escapes and predation.  No water 
changing took place due to the system being on continuous flow-through and therefore total 
water was replaced five times per hour.  The crayfish were not provided with supplementary 
food because a constant supply of live food, leaf litter and algal matter entered the tanks.  
 
Figure 2.6. Ubley hatchery experimental vats © J. Nightingale. 
 
2.5. General crayfish husbandry 
2.5.1 Water changing, tank cleaning and water quality 
Crayfish are susceptible to water pollutants such as nitrates, phosphates and heavy metals 
(Holdich & Reeve, 1991).  Therefore, it was essential to ensure that the water quality in the 
hatchery was optimal for crayfish growth and breeding (Table 2.2).  Crayfish exoskeletons 
are made out of calcium carbonate and therefore the crayfish require a level of water 
hardness for successful growth.  During the moulting process, crayfish absorb cuticular 




calcium from their exoskeletons into the gastroliths in the foregut wall of their digestive tract 
(Greenaway, 1985).  However, the gastroliths can only store a limited amount of calcium and 
therefore the exoskeletons were also left in the tank so that the crayfish can consume more 
of the shell should they require extra calcium than what is present within their gastroliths to 
help with the high demand for calcium post-moulting.  Crayfish may also bury or cache their 
moults (excuviae), to avoid attracting attention from potential predators as to their vulnerable 
body state.  They also save their excuviae, so that they can eat them when their mouth parts 
have hardened (Buřič, 2016).  Water changes were carried out on a weekly basis and up to 
25% of the system water was replaced each time.  Water quality tests were carried out on a 
weekly basis, to ensure that the quality was maintained. 
 
Table 2.2. Optimal and maximum water quality parameters for breeding and rearing A. 
pallipes within a closed system, ex-situ hatchery. 
 
Water quality chemical levels remained consistent throughout the experiments: ammonia < 
0.1 mg/L, nitrite < 0.1 mg/L, nitrate < 15 mg/L, phosphate < 0.2 mg, pH 7.8, calcium ≥ 35 
mg/L, general hardness 150 mg/L, carbonate hardness 120 mg/L and a level of dissolved 
oxygen >  90%. 
 
Parameter       Optimal value/range     
                     mg/L                          
Minimum - maximum tolerance 
Dissolved Oxygen 8.5 3.4 - 20 
pH 7.9 6.9 - 9.0 
Ammonia < 0.1   0.1 - 0.74  
Nitrite < 0.1   0.1 - 25 
Nitrate < 25  0.1 - 50 
Calcium                       > 20  1.0 - 100 
Phosphate < 0.5  < 0.1 - 2.5  
General hardness 150  100 - 300  
Carbonate hardness 150   100 - 300  




2.5.2. Tank theming 
Crayfish require refuges and will spend the majority of time within the refuge, only leaving 
when foraging, during the breeding season or moulting.  Crayfish prefer to utilise refuges 
that are only slightly bigger than themselves; therefore, as they grow they require larger 
refuges (Lodge & Hill, 1994).  Crayfish will defend their refuges from tank mates (Tricarico & 
Gherardi, 2010).  Therefore it is important to provide several appropriately-sized refuges for 
each animal (Figure 2.7; Table 2.3). 
     
 
Figure 2.7. Refuges for crayfish: i) 3-hole engineered brick; ii) 10-hole engineered brick; iii) 
plastic pipes and twin wall plastic © J. Nightingale. 
 
2.5.3. Temperature regime 
Temperature was manipulated using both aquarium heaters and chillers, to maintain a 
steady temperature in the tanks.  This is then manipulated during the year to mimic, as much 
as possible, natural river temperature (Table 2.4). 
 
2.5.4. Lighting regime 
The Crayfish Research Unit had one large window and no artificial lights had been added to 
the crayfish tanks.  Therefore the photoperiod for all the experiments was natural and 

















   













































Coral sand / gravel (0.4-1 mm) for all age-classes; acts as a buffer increasing calcium carbonate 
*Ensure 2-3 refuges per crayfish for each age group 
 
Table 2.4. Annual temperature regime for breeding and rearing A. pallipes within a closed-










January 10-12 10-12 10-12 10-12 5 5-6 
February 11-13 11-13 11-13 11-13 9 8-9 
March 12-14 12-14 12-14 12-14 9 9-10 
April 13-15 13-15 13-15 13-15 15 11-15 
May 14-16 14-16 14-16 14-16 15 14-15 
June 15-17 15-17 15-17 15-17 17 15-17 
July 16-19 16-19 16-19 16-19 17 16-19 
August 15-19 15-19 15-19 15-19 17 16-19 
September 14-17 14-17 14-17 14-17 15 14-17 
October 12-14 12-14 12-14 12-14 10 12-10 
November 11-13 11-13 11-13 11-13 9 9-10 
December 10-12 10-12 10-12 10-12 5 5-6 
*Maximum temperature range per 24-hour time period = 4 °C 




2.5.5. Feeding regime 
The crayfish were fed daily at 19:00 hours, on a carefully selected diet, with a proven track 
record of high survival and growth.  Hatchling crayfish were fed live food plus defrosted 
enriched plankton.  After six weeks the live food was gradually removed and defrosted 
enriched plankton plus a vegetable mix was offered, at a rate of three parts plankton to one 
part vegetable mix (Table 2.5).  The diet included defrosted, gamma-irradiated plankton mix 
of bloodworm, Daphnia, Cyclops, Mysis, krill and rotifers (Tropical Marine Centre, Kent, UK).  
This was enriched with trace elements (Dennerle Vital Elixir; ProShrimp, Mansfield, UK) and 
New Era frozen food enrichment: a liposome-based product containing vitamins and 
antioxidants (World Feeds Limited, Thorne, UK).  NatuRose, a natural source of the 
caratenoid Astaxanthin derived from the microalgae Haematococcus pluvaili (Dr T&T Health 
UK Ltd, Northamptonshire, UK), was added to the feed twice per week.  A lack of caretenoid 
can result in A. pallipes developing blue hues; a similar finding has been seen in black tiger 
prawn Penaeus monodon fabricus (Menasveta et al. 1933). 
The amount and type of food varied according to life stage of the crayfish (Table 2.6) and 
enough food was offered, to ensure that there was some uneaten food left over, which was 
then siphoned of the tank, to prevent water quality deterioration.  Diets were reduced by 20% 
when temperatures were below 10 °C and the adult females were not fed when the eggs 
had hatched as their appetite was inhibited at this stage.  They resumed feeding again once 
the last stage-2 juvenile had become free-living. 
The live food was hatched from freeze-dried Artemia franciscana eggs (Ocean Nutrition, 
Essen, Belgium) in salt water of specific gravity 1.022.  The salt water was prepared using 
artificial sea salt Tropic Marin (Tropical Marine Centre, UK), added to rainwater and aerated 
and heated to a temperature of 27 °C.  Approximately 35 g of salt was added to 1 L of 
rainwater to make up the desired salinity.  Three 2 L clean drinks bottles were inverted with 
an airline through the screw top.  Fully saline water was added to all three bottles and 50 w 
stick heaters were added, to ensure a temperature of approximately 28 °C.  Approximately 7 
g of Artemia eggs was added to the first bottle and left for 24-hours to hatch.  On day-2, a 
new bottle of eggs was set up.  On day-3, the first bottle of Artemia, now hatched, was 
rinsed by straining the Artemia through a 200 micron mesh strainer and rinsing with warm, 
clean saline water.  The Aretmia was then gut-loaded with 0.1 mL of Nannochloropsis spp., 
(Zebrafish Management Systems Ltd, Berkshire, UK) per 1 L of culture and enriched with 0.5 
mL of highly unsaturated fatty acids (HUFA), per 1 L of culture.  After 12 hours the Artemia 
was strained again through the mesh into sump water, mixed with enriched, defrosted 
plankton and added, via syringe, into the tanks of hatchling crayfish.  This process was 




repeated daily for six weeks until all hatchlings were feeding completely on defrosted 
plankton. 
 
























Daphnia,  Mysis, 
bloodworm. 
Vegetables: peas, 





Vegetables: peas, kale, 
spinach, chard, carrot 
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body weight of 
food given 
daily  








Determining effective density regimes for 










An adapted version of this chapter has been published in: 
Nightingale, J., Stebbing, P., Taylor, N., McCabe G., & Jones, G. (2018).  Determining an 
effective density regime for rearing juvenile Austropotamobius pallipes in a small-scale 
closed system hatchery.  Aquaculture Research, 49, 3055-3062.  (Appendix 2). 
 
Author contributions 
JAN designed the study and collected and analysed the data.  NT checked through the 
statistical analysis.  JAN produced the manuscript draft and GJ, GM and PS provided 
support and guidance with the experimental design and contributed criticially to the 
manuscript and chapter drafts. 
 




With recent advances in aquaculture techniques, captive-breeding of the endangered white-
clawed crayfish Austropotamobius pallipes for restocking is becoming a widespread 
conservation method.  Establishing optimal stocking densities for aquaculture is essential in 
maximising productivity, and increases the likelihood of crayfish survival when released.  A 
240-day experiment took place using two-month-old juvenile, captive-born, A. pallipes, within 
a small-scale, closed-circuit hatchery to investigate survival, growth and aggression at three 
treatment densities, low (100/m2), medium (200/m2) and high (300/m2).  Crayfish were 
counted and measured every 60 days, between August 2015 - April 2016.  Mean survival 
rates were high across all three densities (87.7 ± 2.8%).  Carapace length was significantly 
longer at low density than at medium and high densities.  While growth was not significantly 
different between treatments, it was significantly higher in the first two months, across all 
three treatments (47.1 ± 6.6%) than in subsequent periods (14.1 ± 5.8%).  Size variation 
within groups increased with density, suggesting that social dominance hierarchies are 
established with increasing stocking density: dominant individuals are larger and 
competitively exclude smaller individuals from food resources.  Males were significantly 
larger than females from six-months of age, (when they could be reliably sexed), in all three 
treatments.  The larger male size suggests that sexual dimorphism begins prior to sexual 
maturity, with males growing faster and being more dominant and aggressive than females.  
In conclusion, young-of-the-year A. pallipes can be reared at high densities without 
compromising survival; however the optimal stocking density that maximises growth and 
health is 100/m2. 
 
3.1. Introduction 
Crayfish aquaculture, is an important component of the food industry in some countries, i.e. 
the American red swamp crayfish Procambarus clarkii, in both Asia and North America 
(Ackefors, 2000; Romano & Zeng, 2017).  Determining optimal rearing densities is one of the 
key elements in crayfish aquaculture and it is well established that stocking density is directly 
related to growth and survival of crayfish species (Savolainen et al. 2004; Romano & Zeng, 
2017).  The effects of stocking density on juveniles have been well studied in some crayfish 
species with economic value.  These include Australian crayfish species Cherax spp., 
(Jones & Ruscoe, 2000; Naranjo-Páramo et al. 2004; Rodgers et al. 2006); American red 
swamp crayfish (Figureiel & Miller, 1995; McClain, 1995); plus astacid species such as the 
signal crayfish Pacisfastacus leniusculus, (Ahvenharju et al. 2005; Ulikowski et al. 2006; 




Harlioğu 2009; González et al. 2011a), and noble crayfish Astacus astacus, (Pursiainen et 
al. 1983; Keller, 1988).  For juvenile astacid crayfish species, a range of rearing densities 
from 50/m2 up to 1,200/m2, have been investigated, and show that survival is significantly 
compromised with increasing density, due to intraspecific competition for food and space 
(Savolainen et al. 2004; Harlioğlu, 2009; González et al. 2010). 
Aquaculture of crayfish species for conservation and restocking is a relatively new concept.  
As with all crayfish aquaculture, it is important to maximise productivity and to produce large, 
robust crayfish that will have an increased chance of survival when released into the wild.  In 
captivity, A. pallipes grows more quickly than in the wild.  It is estimated that in-situ A. 
pallipes matures in the third or fourth year of life (Reynolds et al. 1992).  In contrast, in 
captivity, the fastest growing males and females can reproduce in the second year of life 
(Policar et al. 2010).  Captive-born A. pallipes introductions typically occur with young-of-the-
year crayfish in order to free up hatchery space for the next hatching attempt, (Nightingale et 
al. 2017).  Therefore, if their growth potential in captivity is maximised, this has important 
recruitment implications, increasing the chances of reproduction in the release year.  This in 
turn should increase the chance of establishment and the success of the wild 
supplementation.  Therefore, a key component for A. pallipes aquaculture is to establish an 
optimal density regime that will produce crayfish of a large enough size that can potentially 
breed in the second year of life.  Chelae autotomy, where crayfish lose one or both of their 
claws, can occur when crayfish are housed communally and is an indication that there have 
been aggressive encounters between individuals (Figureiel & Miller, 1995).  A lack of chelae 
can lead to a reduction in survival because the crayfish have injury trauma and may 
experience an increase of agonistic encounters and reduce their potential to feed optimally .  
This increased aggression can cause a reduction in fitness, which in turn can lead to 
increased mortality (Figureiel & Miller, 1995; Sáez-Royuela et al. 2001). 
There are no known experiments investigating the effect of stocking density on growth and 
survival of juvenile A. pallipes.  Previous laboratory experiments, investigating shelter, 
feeding and temperature regimes when rearing stage-2 juvenile A. pallipes employed a wide 
variation in stocking densities in their research; between 50/m2 (Sáez-Royuela et al. 2001) 
and 500/m2 (Policar et al. 2010).  The aim of this research was to examine survival, growth 
and aggression rates of juvenile A. pallipes, maintained at differing stocking densities, to 
establish the optimal stocking density for young-of-the-year crayfish held within a closed-
circuit hatchery facility. 




3.2. Materials and Methods 
For a detailed description of the wild collection, hatchery details and husbandry routines see 
Chapter 2 “General Methodology”. 
3.2.1. Source of experimental animals 
The juvenile A. pallipes were hatched from 20 wild-caught, ovigerous females, which were 
collected from a local river population and brought into the hatchery two months prior to the 
experiment commencing.  The females were removed once the juveniles were at stage-2; 
i.e. had undergone two moults and were free-living.  The juveniles were reared for a further 
two months, which is the most critical survival period, prior to the experiment commencing. 
3.2.2. Experimental set up and design 
The experiment took place, in an indoor closed-circuit aquaculture facility, in Somerset, 
England.  The study subjects were 432, juvenile white-clawed crayfish Austropotamobius 
pallipes, which were 60 ± 7 days old, with a mean carapace length (mm ± SD) of 7.24 ± 0.33 
mm.  The crayfish were randomly assigned into three different treatments: 72 were 
maintained at low density (100 crayfish/m2), 144 were maintained at medium density (200 
crayfish/m2) and 216 were maintained at high density (300 crayfish/m2).  The experiment 
took place over 240 days between August 2015 and April 2016. 
3.2.3. Experimental procedure 
Every 60 days the percentage of surviving individuals in each tank was calculated and each 
crayfish was examined.  Measurements were not taken more frequently to avoid the effects 
of human handling on the survival, growth and condition of the animals. 
 
Table 3.1. Treatment categories showing density and number of crayfish per tank, n=6. 
Treatment Density category Crayfish / tank Density equivalent  /m
2
 
1 low 12 100 
2 medium 24 200
 
3 high 36 300 





Figure 3.1. Measuring techniques for hatchling A. pallipes: (i) using callipers and (ii) using 
photography and ImageJ software © J. Nightingale. 
 
3.2.4. Data collection and analysis 
From day-60, carapace length, was measured from the anterior edge of the rostrum to the 
posterior edge of the cephalothorax to the nearest 0.1 mm using Vernier 1500 mm callipers 
(Moore and Wright, Sheffield).  For day-1, carapace length was calculated by taking a 
photograph of each individual on a known calibrated scale and then using the computer 
software programme ImageJ (Schneider et al. 2012), to determine the length.  This reduced 
stress to the crayfish by minimising handling time and ensured accurate measurements.  
Variation in each group size was recorded and percentage growth along the time series was 
calculated by subtracting the new mean carapace length from the previous mean carapace 
length and dividing this figure by the previous mean carapace length.  The percentage of 
missing chelae, a standard measurement of crayfish aggression (Figureiel & Miller, 1995), 
was also recorded.  Five data sets were collected at days 1, 60, 120, 180 and 240.  From 
day-120 the crayfish could be sexed.  Average sex-ratios in the three density treatments 
were 42:58 (100/m2), 43:57 (200/m2) and 51:49 (300/m2).  To determine if there were any 
differences in growth, survival or aggression between the three treatment densities, data 
were examined by using an ANOVA, where variables were tested at the tank level and 
generalized linear mixed models (GLMMs) (function glmer, R package lme4 Bates et al. 
2015), where variables were tested at an individual level.  Goodness-of-fit to normal 
distributions was checked by running the Shapiro - Wilk test on residuals and prior to using 
an ANOVA data were log transformed, to stabilise the variance.  Treatment density (low, 
ii i 




medium or high) and sex of crayfish were considered as fixed effects, whilst tank number 
was considered a random effect.  Interactions between fixed effects were tested within each 
model; however, all interactions were not significant and therefore dropped from the final 
models.  Only variables that had a significant effect were retained within the models. 




There was no significant difference in survival (F2,333 = 0.13, p = 0.33) in the present study, 
across all three treatments.  Average survival rate across all three treatments was 87.7 ± 
2.8% (Figure 3.2). 
 
Figure 3.2. Percentage survival of A. pallipes at different treatment densities: low (100/m2), 
medium (200/m2) and high (300/m2), over the time series, day-1 to day-240.  Error bars 
represent 95% confidence intervals. 
 
3.3.2. Carapace length and growth 
At day 240, mean carapace length at low density was significantly longer than the mean 
carapace length at high density (F2,372 = 8.12, p < 0.001).  There was no significant 
difference between growth at medium and high density or between low and medium 























than females (14.9 ± 0.58 mm) at all treatments, (F2,372 = 130.94, p < 0.001) (Figure 3.3.b); 




Figure 3.3. Carapace length of A. pallipes at different treatment densities: low (100/m2), 
medium (200/m2) and high (300/m2) over the time series, from day-1 to day-240; a) with 
males and females combined; b) with males and females separate.  Error bars represent 
standard deviations. 
 
There was no significant difference between overall mean growth of the three different 
treatments (F2,69 = 0.1, p = 0.9).  However, the mean growth at the beginning of the time 
series was significantly higher (47.1 ± 6.6%) between day-1 and day-60 than over each 60-




























































0.001).  For the two data sets (day-180 and day-240), where comparisons of growth of 
males and females could be made, growth was significantly greater (on average 6.8%) in 
males than females at all densities (F2,370 = 132.1, p < 0.001), (Table 3.2).  There was no 
significant, interaction between sex and treatment on growth. 
 
Table 3.2. Percentage growth at each density treatment, shown throughout the time series 
from day-60 to day-240.  Mean ± standard deviations shown. 
 
 
3.3.3. Size variation  
Size variation (2.14 ± 0.15 mm), between individuals within treatment groups on day-1, was 
not significantly different.  As the experiment progressed, the size variation, across all 
groups significantly increased (F3,66 = 41.67, p < 0.001).  Size variation was greater in the 
higher density groups; at day 240, size variation across groups was significantly lower at low 
density (5.2 ± 0.7 mm) than at high density (7.6 ± 1.2 mm) (F2,69 = 3.46, p = 0.03).  There 
was no significant difference in size variation between low and medium or medium and high 
density (Figure 3.4.a).  There was no significant size variation between males and females 
(F1,106 = 2.38, p = 0.13), (Figure 3.4.b). 
3.3.4. Chelae autotomy   
The percentage of individuals showing chelae autotomy increased in the medium and high 
density treatment groups as the experiment progressed; however, due to some of the 
crayfish starting with missing chelae on day-1 of the experiment, the relative amount of 
chelae autotomy within the low density treatment group fell to zero by day-120 and then 





Day 1-60 Day 60-120 Day 120-180 Day 180-240 
All All All Male Female All Male Female 
100 48.8 ± 6.2 13.3 ± 6.8 17.2 ± 4.7 21.2 ± 3.9 14.3 ± 4.9 13.5 ± 3.5 13.0 ± 3.8 12.3 ± 4.1 
200 49.0 ± 9.4 16.2 ± 4.9 15.0 ± 6.0 16.0 ± 5.6 12.8 ± 6.2 11.3 ± 1.9 13.6 ± 3.7 9.8 ± 1.0 
300 43.5 ± 4.1 14.7 ± 6.7 13.5 ± 6.3 13.5 ± 6.5 12.2 ± 5.8 11.8 ± 1.2 13.3 ± 0.8 10 ± 2.4 




showing chelae autotomy was greatest in the medium density group, trending towards being 
significantly higher than in the low density group (z370 = -1.901, p = 0.057).  At day-240, 
relative chelae autotomy (% ± SD) was significantly higher in females (29.6 ± 18.3%) than 
males (16.2 ± 13.7%) (z370 = 2.84, p = 0.004).  Males on average experienced 8.9% less 
chelae autotomy than females; however, the interaction between sex and treatment on 




Figure 3.4. Size variation of A. pallipes at different treatment densities: low (100/m2), 
medium (200/m2) and high (300/m2) over the time series; a) from day-1 to day-240, with 
males and females combined; b) separate males and females at the last three time series 
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Figure 3.5. Percentage of A. pallipes experiencing chelae autotomy at different treatment 
densities: low (100/m2), medium (200/m2) and high (300/m2) over the time series; a) from 
day-1 to day-240, with males and females combined; b) separate male and female data for  
the last three time series points: day-120, day-180 and day-240.  Low density groups are not 
shown on day-120 as there was no chelae autotomy within these groups at this time point.  
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There have been several analyses of density-related effects in astacid crayfish that have 
demonstrated that increasing density results in a reduction in survival and growth, greater 
size variation and more aggressive encounters (Naranjo-Páramo et al. 2004; Savolainen et 
al. 2004; Harlioğlu, 2009; González et al. 2010).  However, there are large disparities 
between studies as to an acceptable rearing density for juvenile crayfish.  What is 
acknowledged is that there is a critical survival period for juvenile crayfish during the first few 
weeks of life, (Sáez-Royuela et al. 2001; González et al. 2010).  Supplying the correct type 
of food during this time period may be more important than the density at which the animals 
are maintained.  Historically, many of the experiments investigating juvenile astacid rearing 
densities, used commercially available dry fish diets as a first feed for the crayfish.  These 
diets yield poor survival and growth in hatchling A. pallipes (Sáez-Royuela et al. 2001) and 
P. leniusculus (Ulikowski et al. 2006; Sáez-Royuela et al. 2007).  Consequently, some 
research may be skewed by mortality and growth deficiencies due to inadequate nutrition 
rather than being caused by the treatments applied and the lack of standard methodology in 
crustacean studies can make results difficult to interpret (González et al. 2010; Carral et al. 
2011). 
In the current study, the experiment began when the juveniles were two months of age, after 
the critical feeding period had ended, and the crayfish were fed to excess, to ensure that the 
results would be density-related rather than confounded by other husbandry elements.  As 
the objective was to maintain high survival rates, the densities selected for this experiment 
were based on previous pilot studies and were significantly lower than in some other astacid 
crayfish experiments where the driver was for commercial rather than conservation 
purposes, therefore the threshold density for A. pallipes may not have been reached. 
3.4.1. Survival  
Density did not significantly impact the survival of A. pallipes in this study; high survival rates 
were achieved at all three treatment densities. It is therefore encouraging to note that up to a 
relatively high density of 300/m2, even at ten months of age, crayfish survival was not 
compromised.  This finding is consistent with research by Policar et al. (2010), where 
survival rates of up to 80% were achieved when rearing A. pallipes hatchlings at an initial 
density of 500/m2 and then reducing the density to 115/m2 after 100 days. In studies with P. 
lenisuculus and A. astacus, stage-2 hatchlings were reared at densities of up to 1200/m2, 
with significantly greater survival achieved at densities of up to 400/m2, suggesting that is the 
threshold density (Savolainen et al. 2004; Ulikowski et al. 2006; González et al. 2010). 




3.4.2. Carapace length and growth  
In the present study, there was a significant difference in carapace length between the 
different density treatments; there was an inverse relationship between length of carapace 
and increasing treatment density.  This result is consistent with previous studies, which 
found that growth diminishes with increased density (Jones & Ruscoe, 2000; Ulikowski et al. 
2006).  This is likely to be due to increased encounters with other crayfish whilst foraging, 
which could reduce the amount of time feeding, even when food is offered in excess. Similar 
growth was recorded in Cherax quadricarinatus, a comparatively non-aggressive crayfish 
species; the number of encounters, even when non-aggressive, increased energy 
expenditure and reduced foraging opportunities consequently reducing growth.  Growth was 
most rapid at the beginning of the experiment presented here, with a mean growth of 47.6% 
across all densities, after which the growth remained at a steady average increase of 
approximately 14.1% every two months (Jones & Ruscoe, 2000).  In general smaller crayfish 
grow at a higher proportional rate than larger crayfish (Evans & Jussila, 1997; Jones & 
Ruscoe, 2000).  An unexpected finding was that males were significantly larger than females 
throughout the time series, even from day-120 of the experiment; i.e. at the age of six 
months when sex could be reliably determined.  Growth in males was significantly higher 
than in females; this was particularly marked within the low density group, possibly because 
the males were more dominant in the smaller groups, and therefore suppressed the females’ 
growth to a greater extent.  Hierarchical dominance is well known in crayfish species; larger 
animals will rapidly form hierarchies and defend resources from their subordinates, which will 
supress the growth of the smaller individuals (Goesmann et al. 2000; Tricarico et al. 2005; 
Alonso & Martinez, 2006; Harrison et al. 2006; Herberholz et al. 2007; Tricarico & Gherardi, 
2010).  González et al. (2011b) suggested that the dominant crayfish stress the smaller 
crayfish and prevent them from feeding at an optimal rate, even when food is supplied in 
excess.  Studies with juvenile P.clarkii have demonstrated that dominant / subordinate 
relationships and social hierarchies can form very soon after hatching (Issa, 1999; Sato & 
Nagayama, 2012). 
It is widely accepted that at sexual maturity, sexual dimorphism occurs and male crayfish 
grow larger chelae and females grow wider tails (Scalici & Gibertini, 2009a; Wang et al. 
2011).  A study by Franke et al. (2013), with sub-adult A. astacus showed that males grew 
faster than females; however, there are no known published studies that have found 
interspecific sex differences in dominance hierarchies or growth within juvenile, young-of-
the-year crayfish.  The observed size difference in the current experiment could be the start 
of early sexual dimorphism, prior to reaching sexual maturity. 




3.4.3. Size variation 
Size variation was significantly greater in the high density group than in the medium and low 
groups.  The larger variation in sizes in the higher density treatments may be due to the 
effects of social dominance being more pronounced when there are an increased number of 
crayfish present.  Size variation was greater in females than males in the low and medium 
density groups, throughout the time series, but was similar to those of males in the high 
density group.  This could be because the hierarchical dominance of males over the females 
was more prevalent in the low and medium densities and therefore growth suppression of 
the females was more noticeable, and so there was a wider range in sizes.  Growth was 
faster in the males at all densities, throughout the time series.  This increased growth 
occurred even at six months of age and therefore the larger animals were predominantly 
male and consequently suppressed the growth of the smaller animals.  The majority o f the 
smaller crayfish within each group were female.  However, because some crayfish appear to 
have an intrinsic capacity to grow faster (González et al. 2011b), there will be some females 
that will grow more quickly than individuals of both sexes.  This may therefore explain why 
there was a wider size variation within the females of each group. 
3.4.4. Chelae autotomy 
Chelae autotomy in crustacean species is accepted as an indicator of agonistic aggression 
(Figureiel & Miller, 1995).  In captive environments, there is an increasing occurrence of 
chelae injuries/loss with increasing density as the frequency of attack by conspecifics 
increases (Savolainen et al. 2004; Harlioğlu, 2009).  In my study, rates of chelae autotomy 
increased as the experiment progressed; as the crayfish grew in size, resource competition 
increased.  Relative chelae autotomy was greater in the medium density group, across the 
time series, than in the other two density treatments, which suggests that, at medium 
densities, there were elevated levels of agonistic aggression.  The reason for this might be 
because at high density the chances of winning an encounter was reduced as resource 
competition is higher and therefore less dominant animals do not try and defend resources.  
Whereas at medium density investing energy in competing for resources was worth the 
potential cost and therefore less dominant crayfish had more agonistic encounters.  Females 
showed significantly more chelae autotomy than males across the time series.  This may be 
due to males being more aggressive and having greater social dominance over the females 
than over other males.  If the females were more subordinate to the males, there is a higher 
chance of males winning an aggressive encounter, than one with another male, and 
therefore more reason to attack a female rather than risk losing an agonistic encounter with 




another male.  Similarly, larger females may be more likely to attack other females rather 
than the more dominant males. 
 
3.5. Conclusions 
This present study illustrates that young-of-the-year A. pallipes can be maintained for the 
first ten months of life at densities up to 300/m2 without survival being compromised.  
However, at the higher densities of 200-300/m2, there will be a wider variation in sizes, an 
increasing amount of chelae autotomy, and a reduction in mean carapace length.  By six 
months of age, there was a significant difference in carapace length and chelae autotomy 
between the sexes; males were larger than the females and more aggressive, suggesting 
they were more dominant.  Therefore, sexual dimorphism in A. pallipes may start when 
juvenile and as early as six months of age and it may be appropriate to rear the crayfish in 
single-sex groups from that age.  When breeding A. pallipes for wild-release or for ex-situ 
brood-stock, maximising survival and growth of young-of-the-year crayfish is paramount; 
therefore the recommendation from this study would be to rear juvenile A. pallipes at a 
maximum density of 100/m2.  
In the next chapter, I explore the theory that A. pallipes males are more intrinsically 
aggressive than females, even when juveniles, and whether size-grading and single-sex 
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Crayfish growth can vary considerably among individuals from the same brood, and social 
dominance hierarchies in crustacean species occur frequently.  These hierarchies can 
reduce growth and survival when rearing communal groups.  Size-grading and single-sex 
culturing are methods used to combat this.  A 160-day experiment took place on 288 young-
of-the-year captive-born Austropotamobius pallipes, within a closed-circuit, indoor 
aquaculture facility.  Crayfish were reared in three treatments i) equal numbers of large 
males + small females (LMSF); ii) equal numbers of small males + large females (SMLF); iii) 
individuals of the same size, equal sex-ratio; plus two control groups of single-sex, same 
sized individuals.  Female survival in the LMSF was significantly reduced (mean ± SD) (52.8 
± 20.7%), whereas overall survival in all other groups was high (83.1 ± 15.1%).  Male growth 
(6.3 ± 0.6 mm) was greater than female growth (4.9 ± 0.9 mm) over 160 days, across all 
groups.  Chelae autotomy was significantly greater (8.8%) in males (26.7 ± 14.1%) than 
females (18.0 ± 17.8%).  This study suggests that young-of-the-year juvenile male A. 
pallipes grow faster and are more aggressive than females.  Large males will suppress and 
reduce survival in smaller females whereas small males, when housed with larger females, 
will still grow faster than the females.  We suggest that it is sex not size that is the main 
factor that causes dominance hierarchies and growth suppression within juvenile A. pallipes.  




High survival rates can be achieved when raising young-of-the-year A. pallipes; however, 
even at low densities, there can be a large variation in size and health of crayfish juveniles 
within a single brood, even as early as six months of age (Ahvenharju et al. 2005; J. 
Nightingale pers. obs. 2014).  
Hierarchical dominance structures can develop in fish and crustacean species, and in 
crayfish intraspecific hierarchies can establish very quickly even without the influence of 
resource competition (Issa et al. 1999; Goessmann et al. 2000; Tricario et al. 2005; Harrison 
et al. 2006; Sato & Nagayama, 2011).  Dominance hierarchies can result in larger animals 
suppressing the growth of smaller individuals, when they competitively exclude them from 
resources such as food and shelter (Bergman & Moore, 2003; Herberholz et al. 2007; 
Tricarico & Gherardi, 2010).  Size-grading, where animals are put into same-sized groups, 




can help to reduce these effects.  The practice of size-grading is well established within the 
aquaculture industry where commercial fish farms size-grade the fish to increase survival 
and growth (Gunnes, 1976; Wallet et al. 2005).  Size-grading in the prawn industry is also a 
standardized procedure and can produce improved growth and feeding efficiency when 
prawns are reared with same-sized individuals (Daniels & D'Abramo, 1994; Tidewell et al. 
2004).  Most crayfish grading experiments have occurred in large, commercially farmed, 
species in the family Cambaridae, such as the blue pearl crayfish Cherax albidus (Lawrence 
et al. 2000), the redclaw crayfish Cherax quadricarinatus (Curtis & Jones, 1995; Jones & 
Roscoe, 2000; Parnes & Sagi, 2002; Rodgers et al. 2006) and the hairy marron crayfish 
Cherax tenuimanus (Qin et al. 2001).  Historically, the aquaculture of astacid crayfish 
species, such as A. pallipes and the signal crayfish Pacifastacus leniusculus had limited 
success due to high mortality in the critical post-hatching phase, (at stage-2 when 
exogenous feeding has begun), due to inadequate nutrition (Sáez-Royuela et al. 2001; 
González et al. 2009a). 
In recent years, feeding regimes for A. pallipes have improved, with the use of live Artemia 
being offered in the critical first few weeks post-hatching (J. Nightingale pers. obs. 2012) and 
therefore research into the effects of size-grading stage-2 hatchlings has been possible.  
There are two known grading experiments that have taken place on juvenile P. leniusculus 
(Ahvenharju et al. 2005; González et al. 2011).  However, results from size-grading 
experiments in fish and crayfish species have been varied, and there is no known published 
research on the effect of size-grading on growth and survival in A. pallipes.  Therefore this 
study had two key objectives: (i) to establish if size-grading and or same-sex culturing would 
be beneficial during rearing of juvenile A. pallipes and (ii) to establish what the optimal size 
and sex-ratio for rearing young-of–the year A. pallipes is without compromising survival and 
growth.  Both these objectives should assist in the main aim of producing consistently large, 
young-of-the-year robust crayfish, for wild-release or ex-situ brood-stock for subsequent 
captive-breeding programmes. 
 
4.2. Materials and methods 
For a detailed description of the wild collection, hatchery details and husbandry routines see 
Chapter 2 “General Methodology”. 




4.2.1. Source of experimental animals 
The juveniles were hatched from 12 wild-caught, ovigerous females, collected from a local 
river population, 1.5 months prior to the experiment and kept in the hatchery until the eggs 
hatched and the juveniles were free-living.  The juveniles were then reared for a further two 
months, which is the most critical survival period, prior to the experiment commencing.  
4.2.2. Experimental set up and design 
A 160-day experiment, with 288 five-month-old, captive-born A. pallipes, was carried out, 
within an indoor closed-circuit aquaculture facility in Somerset, England.  The crayfish tanks, 
within the system, were randomly assigned to the treatment and control groups.  These 
included three treatments, i) equal numbers of large males + small females (LMSF); ii) equal 
numbers of small males + large females (SMLF); iii) individuals of the same size, equal sex-
ratio, plus two control groups of single-sex, same sized individuals, (Table 4.1).  Twelve 
crayfish were added to each tank (at an equivalent density of 100 crayfish/m²).  The crayfish 
were fed 0.2 g of food, per crayfish, per day, i.e. fed to excess, at approximately 14:00 
hours.  The experiment ran from November 2016 to April 2017. 
 
Table 4.1. Treatment groups for A. pallipes with starting mean carapace length (CL) +/- 
standard deviation; 12 crayfish per tank at an equivalent 100/m2 density. 
 
4.2.3. Experimental procedure  
Carapace length was measured from the anterior edge of the rostrum to the posterior edge 
of the cephalothorax to the nearest 0.1 mm using Vernier 1500 mm callipers (Moore and 
Wright, Sheffield, UK).  The crayfish were counted, measured, examined and their biometric 
Treatment Male CL (mm) Female CL (mm) Sex-ratio Treatment 
replicates 
Large male, small female LMSF 13.2 ± 0.7 9.4 ± 0.7 6:6 6 
Small male, large female SMLF 10.1 ± 0.3 12.8 ± 0.6 6:6 6 
Equal sized male / female 11.5 ± 0.4 11.5 ± 0.5 6:6 5 
All-male control  12.1 ± 0.2 - - 2 
All-female control - 11.2 ± 0.3 - 5 




data recorded at day-1 and day-160.  Missing chelae, a standard measure of aggression 
(Figureiel & Miller, 1995), and stage in moulting cycle were also recorded. 
4.2.4. Data analysis 
Variation in size within each group was recorded and growth along the time series was 
calculated by subtracting the mean end carapace length from the mean start carapace 
length for each treatment group.  To determine if there were any differences between the 
survival to the three treatments and controls, data were log-transformed and examined by 
using nested binomial generalized linear models (function glmer, R package lme4).  To 
determine if there was any difference in carapace length, growth and chelae autotomy 
among the different treatments and the control groups, data were examined using linear 
mixed models (function lmer, R package lme4, Bates et al. 2015).  The treatments, plus sex, 
were considered as fixed effects, and tank was considered a random effect.  The alpha level 
was set at p<0.05.  Only variables that had a significant effect were retained in the model. 




Survival was highest in the all-female control group (90%, SD=7.0%) and lowest in the 
LMSF group (70.8%, SD = 21.1%), (Figure 4.1).  Survival of LMSF group was significantly 
lower than all other treatments (z251 = -3.1, p < 0.002).  Survival (% ± SD) between other 
treatments was not significantly different and was on average 83.1 ± 15.1%.  Survival 
between males and females were exactly the same in the equal-sized group (86.8 ± 13.9%).  
Survival of the males in the LMSF group was significantly higher (88.9 ± 13.6%) than female 
survival (52.8 ± 20.7%) i.e. 31.1% greater (z71 = 3.32, p < 0.001).  In contrast survival in the 
SMLF groups was not significantly different between males (80.5 ± 13.6%) and females 
(88.9 ± 6.8%) (z71 = -0.97, p = 0.33).  Survival in the control groups was considerably lower 
in the all-male (70.8 ± 29.4%) than the all-female groups (90 ± 7.0%), but not significantly so 
(p=0.08, df=41, z=-1.75); however, there were only two male control groups with 
considerable variation between them.  Survival between the two all-male control groups was 
significantly different (z23 = -2.0, p = 0.04); however survival between the five all-female 
control groups was not significantly different (z59 = 0.76, p = 0.45). 
 






Figure 4.1. Mean percentage survival of male and female A. pallipes at day-160, within the 
different treatment and control groups: large male, small female (LMSF); small male, large 
female (SMLF); equally sized, even sex-ratio (Equal); male control group (All-male); female 
control group (All-female).  Error bars represent 95% confidence intervals. 
 
4.3.2. Carapace length 
Carapace lengths (mean ± SD) at day-1 were not significantly different between males (11.7 
± 1.1 mm) and females (11.1 ± 1.2 mm).  At the end of the experiment, at day-160, males 
(18.1 ± 1.9 mm) were significantly larger (F1,201 = 19.35, p < 0.001), than females (16.0 ± 2.1 
mm).  The LMSF group contained the largest males, with a mean carapace length of 20.1 ± 
0.7 mm by day-160, and the SMLF group had the largest females (mean carapace length 
18.3 ± 0.9 mm).  At the end of the experiment, mean carapace lengths were not significantly 




























Figure 4.2. Mean carapace lengths of A. pallipes at day-1 of the experiment (D1), to day-160 
(D160), shown for the different treatment and control groups: large male, small female 
(LMSF); small male, large female (SMLF); equally sized, even sex-ratio (Equal); male control 
group (All-male); female control group (All-female).  Error bars represent standard 
deviations. 
 
4.3.3. Growth  
Growth calculations (i.e. subtracting the starting mean carapace length from the final mean 
carapace length), showed that the mean growth (mean ± SD) across all groups (5.6 ± 1.0 
mm) was not significantly different.  However, male growth (6.3 ± 0.6 mm) was greater than 
female growth (4.9 ± 0.9 mm) across all treatment groups and was significantly greater than 




































Figure 4.3. Mean carapace growth (mm) of male and female A. pallipes, throughout the 160-
day experiment within the different treatment and control groups: large male, small female 
(LMSF); small male, large female (SMLF); equally sized, even sex-ratio (Equal); male control 




4.3.4. Chelae autotomy 
Mean chelae autotomy (% ± SD) was 22.3 ± 15.9% over all the treatments (sexes combined) 
and was not significantly different between treatments.  The all-female control group had the 
least chelae autotomy (14.6 ± 9.8%) and the SMLF group had the highest (26.5 ± 23.4%).  
When the sexes were looked at separately, chelae autotomy in males (26.7 ± 14.1%) was 
significantly greater (by 8.7%) than in females (18.0 ± 17.8%) (t203 = -2.1, p = 0.04), 
throughout all treatments except the equal-sized treatment group, where chelae autotomy 
was the same in both sexes (20.7 ± 18.2%), (Figure 4.4).  Crayfish with both chelae present 



































Figure 4.4. Mean percentage of chelae autotomy for male and female A. pallipes at day-160 
within the different treatment and control groups: large male, small female (LMSF); small 
male, large female (SMLF); equally sized, even sex-ratio (Equal); male control group (All-





There was no significant difference in survival between the equal-sized, SMLF and all-
female control group, which all had high survival; however, there was a significantly higher 
mortality of females in the LMSF, compared to the other two treatment groups and female 
control group (Fig. 4.1).  This supports previous astacid crayfish studies, which graded 
juvenile, young-of-the-year P. leniusculus into small and large sizes and found that survival 
was significantly higher in the graded rather than the non-graded groups (Ahvenharju et al. 
2005; González et al. 2011).  Within the LMSF group, where female survival was 
significantly reduced, larger males may dominate and kill the females.  Figureler et al. 
(2005), demonstrated that adult male Procambarus clarkii were more likely to attack non-
maternal females rather than males or maternal females.  In a similar manner, larger male A. 
pallipes may attack the females rather than the other males in the group. When large 
females were housed with small males, the survival of the males was not reduced 
suggesting that aggressive attacks and hierarchical dominance is predominantly sex rather 






























average survival, this result needs to be viewed with caution as there were only two 
replicates for this group in contrast with five or six replicates for each other treatment group 
(due to the small number of crayfish available).  There was also considerable variation in 
survival (91.6% and 50.0%) between the two different all-male control tanks.  The all-female 
control groups had the highest survival than any of the other females within the other 
treatments.  They also showed the least variability in survival rates between the five different 
control tanks (survival 90 ± 7.0%).  This is supported by single-sex experiments in C. albidus 
(Lawrence et al. 2000) and C. quadricarinatus (Rodgers et al. 2006); these studies found 
that there was no significant reduction in male survival when reared in all-male groups. 
4.4.2. Growth 
Males grew faster than females in all treatments, even when males and females were 
matched for sex and size, suggesting that juvenile A. pallipes exhibit sex differences in 
growth.  This is in contrast to C. albidus where crayfish grow at the same rate until sexual 
maturity (Woodland, 1967).  The all-male A. pallipes group had the fastest growth and the 
lowest male survival suggesting that some males grew large and out-competed the smaller 
males for resources.  The males that were in the LMSF group did not significantly benefit 
from the fact that they were suppressing the smaller individuals, and the males within the all-
male group actually grew faster.  This is in contrast to the situation in P. leniusculus where 
larger juveniles benefited from being with smaller individuals, and grew faster than when 
housed separately (Ahvenharju et al. 2005).  The all-female control groups on average grew 
faster than the females in the other treatment group, suggesting that all-female groups are 
optimal for growth and that in mixed-sex groups, the females’ growth may be supressed by 
the more dominant males.  Both the male and female single-sex groups grew faster than 
mixed-sex groups as determined by Lawrence et al. (2000), and Rodgers et al. (2006), who 
found that males and females C. albidus and C. quadricarinatus grew faster in single-sex 
rather than mixed-sex groups.  However, these studies were with larger species and in the 
case of Rodgers et al. (2006), the study was with adults rather than juveniles.  When juvenile 
P. clarkii were raised in single-sex or mixed-sex groups, there were no differences in growth 
(Figureiel et al. 1991; Wang et al. 2014). 
 
Growth of the females in the LMSF was significantly reduced, suggesting that the larger 
males dominate the smaller females and supress their growth.  Other studies on crayfish 
have shown that larger individuals dominate smaller animals and will compete for resources 
(Tricarico et al. 2005; Herberholz et al. 2007).  However, in this study, within the LFSM 
group, male growth was still faster than in females, suggesting that the larger females do not 




dominate and suppress the smaller males.  Some studies on crayfish species such as C. 
tenuimanus (Qin et al. 2001) found that size-grading did not affect growth.  This has also 
been the case for fish species (Sunde et al. 1998).  This indicates that social structure 
cannot be generalized across species and therefore size-grading has to be assessed at 
species level.  Therefore it was important to carry out this research rather than assume that 
size-grading would have similar effects for A. pallipes as in the astacid species P. 
leniusculus (Ahvenharju et al. 2005; González et al. 2011). 
4.4.3. Chelae autotomy 
In all the treatments and control groups, males suffered significantly more chelae autotomy 
than females, suggesting that males are more likely to fight each other in competition for 
resources; this is supported by the female control groups having the lowest amount of 
chelae autotomy, suggesting that they are less aggressive when kept in single-sex groups.  
This study implies that males are more aggressive than females, even before sexual 
maturity, which is supported by the study of Figureiel & Miller (1995) on juvenile P. clarkii, 
who found that the percentage of chelae loss in males (15.8%) was higher than in females 
(10.5%).  In crayfish species such as P. clarkii (Figureler et al. 2005)  adult crayfish males 
are more aggressive and will dominate and out-compete females; however, this behaviour 
has not been reported in juvenile crayfish.  A study in juvenile P. clarkii reported social 
dominance behaviour occurring; however, differences between sexes was not investigated 
(Herberholz et al. 2007).  Crayfish with missing chelae were significantly smaller (p < 0.001) 
than those with both chelae present, perhaps because they were the subordinate within the 
social hierarchies and consequently were not efficient at competing for resources such as 
food.  Crayfish with missing chelae will expend energy regenerating a new limb and this may 
also account for their slower growth (Figureiel & Miller, 1995; Kouba et al. 2011). 
 
4.5. Conclusions  
This current study found that social hierarchies and dominance in A. pallipes start within six-
months of hatching.  We suggest that sex, rather than size, plays a more important role in 
hierarchical dominance, which can lead to a reduction in female survival and growth.  In an 
endangered species, which is being produced for both wild-release and for brood-stock, 
production of large-sized females, with high survival rates, is paramount.  The study 
indicates that size-grading of juvenile A. pallipes is beneficial and can increase survival and 
growth, with all-female groups achieving the best results.  The optimal size and sex-ratio for 
rearing young-of-the-year A. pallipes would be to split the crayfish into single-sex groups at 




six months of age, when they can be reliably sexed.  These groups should be size-graded, 
with a carapace size differential of no more than 2 mm between individuals, and held at a 
maximum density equivalent of 300/m2 up until ten months of age when the crayfish should 
then be size-graded again and the density reduced to 50/m2 (J. Nightingale unpublished 
data).  Crayfish can then be maintained at this density, within these size-graded groups, up 
until their release, which ideally should be during their second year, prior to the breeding 
season (J. Nightingale pers. obs. 2014).  This size-grading, single-sex grouping strategy 
would be advantageous, producing larger females that will be ready to breed in their second 
year.  Where brood-stock groups are being maintained for ex-situ breeding-programmes 
then larger females should be housed with smaller males, to ensure that males do not 
supress female growth or compromise their survival.  If equally-sized males and females are 
housed together the faster male growth will result in the males rapidly becoming larger than 
the females, which will cause them to out-compete the females for tank resources, such as 
food and shelter, which in turn may increase female mortality. 
Following on from ascertaining density and grading regimes for effective A. pallipes 
production, another important factor of crayfish aquaculture is nutrition.  In the next chapter I 
explore dietary regimes for rearing crayfish from hatchlings to release, to maximise growth 








Effects of different diet types on growth and 












An adapted version of this chapter has been submitted for publication in Frontiers in Ecology 
and Evolution: 
Nightingale, J., Jones, G., McCabe, M & Stebbing, P. (2020).  Effects of diet types on growth 
and survival of Austropotamobius pallipes.   
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Developing an optimal diet for rearing endangered white-clawed crayfish Austropotamobius 
pallipes is important for captive breeding programmes prior to introduction into the wild.  
Four ex-situ, 40-day experiments assessed survival and growth of crayfish fed different 
treatment diets.  Two experiments (A & B) were undertaken with stage-2 hatchlings to 
determine if live food was an essential dietary component during the first few weeks after 
hatching.  The second set of experiments (C & D) were undertaken with 60-day-old A. 
pallipes, to determine an optimal diet after the initial critical feeding stage. 
In experiment A, we fed hatchlings i) live Artemia nauplii + defrosted plankton (Live+P); ii) 
decapsulated Artemia cysts + defrosted plankton (Cyst+P) or iii) decapsulated Artemia cysts 
+ defrosted plankton encapsulated in agar gel (Gel+CP).  Survival and growth was 
significantly greater with Live+P than with the other two diets.  In Experiment B we compared 
four different treatment diets: i) live Artemia nauplii + Australian pellet (Live+Aus); ii) live 
Artemia nauplii plus New Zealand pellet (Live+NZ); iii) live Artemia nauplii + plankton 
(Live+P); (iv) practical Spanish crayfish pellet diet, which contained Artemia cysts (Spain).  
In both experiments (A & B), mean crayfish survival and growth (91.7 ± 6.4%; 2.4 ± 0.1 mm), 
were significantly higher with Artemia + plankton (Live+P) than with Artemia cysts in pellet 
(Spain) (80.2 ± 6.1%; 2.17 ± 0.06 mm) or Artemia cysts + plankton with (Gel+CP) or without 
agar (Cyst+P); (43.7 ± 16.0%; 2.0 ± 0.2 mm).  Growth was also significantly greater with 
Artemia + plankton (Live+P) than with Artemia + pellets (Live+Aus and Live+NZ), (2.27 ± 
0.03 mm). 
In experiment C, 60-day-old juvenile A. pallipes were fed i) defrosted plankton plus 
vegetables (Standard) or (ii) defrosted plankton plus vegetables encapsulated in agar gel 
(Gel+PV).  Survival was not significantly different between the diets; however, growth was 
significantly greater with the Standard diet rather than Gel+PV.  In experiment D, A. pallipes 
were fed four different diets: i) Australian pellet (Australia); ii) New Zealand pellet (New 
Zealand); iii) plankton and vegetables (Standard); or iv) practical Spanish diet (Spain).  
Survival was significantly lower in crayfish fed the New Zealand diet.  Crayfish growth was 
significantly greater with the Standard diet (2.8 ± 0.4 mm) than all three pellet diets: 
Australia, New Zealand and Spain: 1.7 ± 0.6 mm).  Our results showed that live food is 
optimal for high survival and growth in A. pallipes hatchlings for the first 40-days, and a 
plankton plus vegetable diet produces better growth in older juveniles compared to pellet 
diets.  Time and cost constraints may make the pellet diet a more realistic solution for large-
scale A. pallipes production; however, further research is required to ascertain long-term 
effects of a pellet-only diet on this species. 





The white-clawed crayfish Austropotamobius pallipes is endangered throughout its native 
range in the UK and mainland Europe (Sibley et al. 2011).  The loss of this species is 
attributed to the spread of the invasive American signal crayfish Pacifastacus leniusculus 
and associated crayfish plague, caused by the pathogen / oomycete Aphanomyces astaci, 
along with habitat degradation and pollution (Sibley et al. 2011).  In response to this decline, 
white-clawed crayfish aquaculture is increasing in the UK and mainland Europe, to aid in the 
rehabilitation of the species through conservation action restocking and stock enhancement.  
Several captive-breeding hatcheries have been established, for example, at Bristol Zoo 
Gardens, England, which maintains A. pallipes brood-stock from highly threatened 
populations, with the aim of producing juveniles for restocking to preserve and enhance in-
situ populations (Nightingale et al. 2017).  A major issue with the mass-rearing of animals in 
captivity is the provision of a well-balanced and nutritional diet to ensure good survival / 
growth and development, which is particularly important for juvenile life stages.  With 
crayfish, a critical period of survival occurs during the first few weeks, post-hatching, when 
high mortality rates can occur due to a lack of adequate nutrition (Gonzalez et al. 2011; 
Celada et al. 2012).  When crayfish hatch they initially feed on their egg yolk and remain 
attached to the females’s pleopods.  When they have undergone two moults and are at 
stage-2 free-living, their exogenous mouth parts have formed and feeding begins (Reynolds, 
2002).  Observations from the wild can provide key information on providing a suitable diet 
for captive-bred animals.  Wild A. pallipes are opportunistic omnivores, feeding on 
invertebrates, carrion, vegetable matter, and organic and inorganic detritus (Gherardi et al. 
2004).  Scalici & Gibertini, (2007) found stomach contents of wild-caught A. pallipes differing 
with age and sex; insect larvae were found to be a key component of juvenile and adult 
female diets.  In contrast, adult males mainly fed on vegetable matter. 
Several studies have examined feeding and nutrition requirements of captive-bred crayfish, 
including P. leniusculus (Carral et al. 2011; Gonzalez et al. 2012), red swamp crayfish 
Procambarus clarkii (Hua et al. 2015) and common yabby Cherax destructor (Austin et al. 
1997).  Commercially available fish-feed pellets were historically fed to all age-classes 
resulting in low survival rates of hatchlings in both A. pallipes (Sáez-Royuela et al. 2001) and 
P. leniusculus (Ulikowski et al. 2006; Sáez-Royuela et al. 2007).  Artemia nauplli have also 
been used as feed for captive-bred juvenile crayfish, as these are a readily available and 
easily produced substitute for insect larvae found in the diet of wild juvenile crayfish.  
Artemia nauplii are a popular first feed within aquaculture as they are high in protein and 
lipids and contain proteolytic enzymes, which can aid the digestive abilities of young animals 




(Bengtson et al. 1991).  However, Artemia spp. is deficient in some nutrients, such as poly-
unsaturated fatty acids and therefore it is enriched prior to feeding larvae. 
When hatchling P. leniusculus were reared using live Artemia nauplli, high survival rates of 
up to 80% were achieved (González et al. 2008).  After day 20, however, there was no 
significant difference in survival between P. leniusculus fed a pellet diet and ones fed live 
Artemia nauplii, although growth was significantly greater if live Artemia were fed up to day 
50 (González et al. 2011).  Following on from this research, live Artemia nauplii were 
replaced with Artemia cysts and fed to stage-2 (free-living) hatchling P. lenisuculus, also 
resulting in high survival rates (81%), (González et al. 2009).  Subsequently, a practical 
pellet feed, incorporating decapsulated Artemia cysts, was developed and high survival rates 
(86%) were achieved with hatchling P. leniusculus (Carral et al. 2011).  Artemia will also 
readily feed on a wide variety of food items and therefore provides a useful vessel for 
enrichment products, such as lipids and algae (Léger et al. 1986). 
Crayfish graze periodically; therefore, if their food source is encapsulated within a gel, it 
should not degrade as quickly in water and should retain both its palatability and nutritional 
value for longer.  This is supported by a study investigating survival and growth in juvenile 
(10 g) white yabby Cherax albidus.  The crayfish were either fed fish and potatoes or this 
fresh food was encapsulated within pectin, alginate, agar or chitosan.  There was a 
significant increase in growth when using the gel diets in comparison to a fresh food diet 
without gel (Coccia et al. 2010). 
This study presents results from a series of experiments testing different diet formulations on 
the growth and survival of hatchling and juvenile A. pallipes.  Four experiments (A, B, C & D) 
were conducted, over two years, to ascertain optimal dietary regimes for rearing A. pallipes.  
The initial two experiments (A & B) were undertaken with stage-2 hatchlings to determine if: 
i) live food (plus a plankton mixture of cyclops, Daphnia and rotifers) was an essential dietary 
component during the first 40 days after the stage-2 hatchlings start feeding or ii) whether 
decapsulated A. fransicana cysts (plus a plankton mixture of bloodworm, Mysis, krill and 
Daphnia), iii) cysts and plankton in agar gel, or iv) the practical pellet crayfish diet could 
provide equally favourable outcomes.  The second set of experiments (C & D) were 
undertaken with 60-day-old A. pallipes to determine what is an optimal diet for growth and 
survival, after the initial critical feeding stage was over.  The treatment diets tested were a 
selection of complete pellet diets: i) a ‘standard’ diet of defrosted enriched plankton and 
vegetable matter; ii) the ‘standard’ diet encapsulated within agar gel; iii) the practical crayfish 
pellet diet formulated in Spain; and iv) a crayfish aquaculture pellet formulated for a research 
programme in Australia and; v) a New Zealand crayfish aquaculture pellet diet.  We predict 




that crayfish hatchlings will grow better on a live plankton diet rather than a pellet diet and a 
gel diet might increase growth in juveniles. 
 
5.2. Materials and Methods 
For a detailed description of the wild collection, hatchery details and husbandry routines see 
Chapter 2 “General Methodology”. 
5.2.1. Source of experimental animals 
The crayfish used within the experiments were captive-born juvenile A. pallipes, hatched 
from 21, wild-caught, ovigerous females (collected from a local river population in South 
Gloucestershire, England, under Natural England licence).  The females were brought into 
an indoor, closed-circuit, aquaculture facility (in Somerset, England), two-months prior to the 
experiment commencing.  They were removed once the hatchlings were at stage-2; i.e. had 
undergone two moults and were free-living.  The experiments took place within the same 
aquaculture facility. 
5.2.2. Experimental set up and design 
Four feeding experiments (A - D) took place over two breeding seasons.  Experiments A & B 
were with juvenile stage-2 hatchling (20-day old) A. pallipes with an initial mean carapace 
length (mm ± SD) of 5.3 ± 0.14 mm.  Experiments C & D used 60-day-old, juvenile crayfish, 
with an initial mean carapace length of 7.9 ± 0.23 mm.  For each experiment, the juvenile A. 
pallipes were randomly selected and put into different treatment tanks, with six replicates of 
each, at varying densities for each food treatment to be trialled (Table 5.1).  All experiments 
ran for 40 days from July 2016 to August 2017. 
Experiment C used juvenile crayfish that had not been used in experimental trials and had 
been fed an enriched diet of live A. fransicana nauplii and defrosted plankton since hatching.  
In contrast, experiment D used the same experimental crayfish that were in B as an 
extension of this experiment; i.e. to ascertain the longer-term effects of using a solely pellet-
based diet, compared to a pellet diet with an initial live food component.  Therefore, in 
experiment D, the live food component was removed after day-40 for treatments i, ii and iii, 
whereas treatment iv remained the same throughout both experiments B and D as no live 
component was added initially.  (The live food component is only required for the more 
critical first 4-6 weeks, post-hatching (González et al. 2011). 




In both stage-2 hatchling experiments, plankton or pellet was offered, in addition to the live 
food element, recognising that a combination diet may be important for crayfish growth and 
survival. 
 
Table 5.1. Four feeding experiments A, B, C & D, on A. pallipes including dietary treatments, 
density equivalent, treatment replicates, duration of experiment and age-class of animals. 
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1
Experiments A & B – defrosted plankton = equal proportions cyclops, Daphnia and rotifers 
2
Experiments C & D – defrosted plankton = equal proportions of bloodworm, Mysis, krill and Daphnia 
3
Vegetable – equal proportions of spinach, chard, peas, carrot and kale blended and frozen 
 
All diets, (except the pellet-only treatment), were enriched with 1 mL multivitamins, 1 g 
Spirulina, 1 mL lipids, plus 1 g of the carotenoid Astaxanthin, which was added to prevent 
the crayfish turning blue (Menasveta et al. 1993; Lorenz & Cysewski, 2000).  The defrosted 
plankton used in all four experiments was gamma-irradiated, prior to freezing.  The Artemia 
nauplii were hatched from A. fransicana eggs. 
 
The gel diet (for experiments A and C) was made by mixing 1.5 g of potato dextrose agar 
powder and 0.8 g of locust bean gum, which was added to help binding.  To this mixture, 50 
mL of fresh water was added and then boiled for 1 minute.  The mixture was allowed to cool 
to 45 °C and other food items were added before being put in a fridge to set.  For experiment 
A, 9 g of enriched plankton and 2 g of enriched decapsulated A. fransicana cysts were 
added to the gel.  For experiment C, 8 g of enriched plankton and 3 g of vegetable mix, plus 
1g of Spirulina were added to the gel, (Table S5.2).  The pellet diets were crayfish-specific 
pellets (Table S5.3).  For experiment B and D, the crayfish the standard diets were made up 
at a ratio of three parts plankton to one part vegetable mix.  All crayfish were fed to excess, 




at a rate of approximately 4% of bodyweight of food per individual, presented at 18:00 daily.  
For hatchlings (experiment A & B), live A. fransicana or decapsulated A. fransicana cysts 
were fed at a rate of 500 /crayfish/day; plankton, pellet or gel diets were fed at a rate of 0.01 
g/crayfish/day.  For juveniles (experiment C & D), crayfish were fed at a rate of 0.02 g of 
food per animal per day. 
5.2.3. Data collection and analysis  
All crayfish were counted and individually measured on day-1 and day-40 (mm ± SD) of the 
experiments.  The carapace length was measured from the anterior edge of the rostrum to 
the posterior edge of the cephalothorax to the nearest 0.1 mm using Vernier callipers (Moore 
and Wright, Sheffield).  Crayfish growth in each treatment group was calculated by 
subtracting the starting average carapace length from the final average carapace length.  To 
determine if there were any differences between the survival (% ± SD) with the different 
dietary treatments, data were log-transformed and examined using nested binomial 
generalized linear mixed models (function glmer, R package lme4) (Bates et al. 2015).  
Goodness-of-fit to normal distributions was checked by running the Shapiro - Wilk test on 
residuals (Shapiro & Wilk, 1965).  To determine if there were differences in growth among 
the treatments, data were log-transformed and examined with linear mixed models (function 
lmer, R package lme4) (Bates et al. 2015) or ANOVA if tested at tank level.  The treatments 
were considered as fixed effects, and tanks were considered a random effect.  The alpha 
level was set at p < 0.05.  Only variables that had a significant effect were retained in 
models. Statistical analyses were performed using R 3.2.5 (R Core Team, 2016). 
 
5.3. Results 
5.3.1. Experiment A  
Stage-2 hatchling A. pallipes fed on three different treatment diets: i) live Artemia nauplii plus 
plankton (Live+P); ii) Artemia cysts plus plankton (Cyst+P); or iii) Artemia cysts plus plankton 
incorporated into agar gel (Gel+CP). 
5.3.1.1. Survival 
Survival for those fed with the Live+P diet (91.7 ± 6.4%) was significantly higher than for 
those fed the Cyst+P (43.7 ± 23.2%) or Gel+CP (43.7 ± 8.9%) diets (z285 = 6.28, p < 0.001).  
There was no significant difference in crayfish survival between the Gel+CP and Cyst+P diet 
(z285 = 0.06, p = 0.95) (Figure 5.1). 





Figure 5.1. Percentage survival of hatchling A. palliipes, within the different treatment diets: 
live Artemia nauplii plus plankton (Live+P); Artemia cysts plus plankton (Cyst+P); or Artemia 
cysts plus plankton incorporated into agar gel (Gel+CP), at day-40.  A different letter denotes 
significance between treatments.  Error bars represent standard deviations.  
 
5.3.1.2. Growth 
Crayfish growth with the Live+P was significantly greater (2.4 ± 0.1 mm), than with the 
Cyst+P (2.0 ± 0.3 mm), or Gel+CP (2.0 ± 0.2 mm) diets, (F2,169 = 14.94, p < 0.001).  There 
was no significant difference in growth between the Gel+CP and Cyst+P diet (Figure 5.2). 
 
Figure 5.2. Mean growth (final carapace length – start carapace length mm) of hatchling A. 
pallipes, within the different treatment diets: live Artemia nauplii plus plankton (Live+P); 
Artemia cysts plus plankton (Cyst+P); or Artemia cysts plus plankton incorporated into agar 
gel (Gel+CP), at day-40.  A different letter above a treatment denotes significance.  Error 
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5.3.2. Experiment B  
Hatchling crayfish fed four different treatment diets: i) live Artemia nauplii plus Australian 
pellet (Live+Aus); ii) live Artemia nauplii plus New Zealand pellet (Live+NZ); iii) live Artemia 
nauplii plus plankton (Live+P); and iv) the Spanish practical crayfish pellet diet (Spain). 
5.3.2.1. Survival  
Hatchling crayfish survival from day-1 to day-40 was significantly higher (z383 = 2.3, p = 0.02) 
with the Live+P diet (95.8 ± 5.1%) than with the Live+Aus (85.4 ± 12.3%) and Spain 
treatment diets (80.2 ± 6.1%) (z383 = -3.0, p = 0.002).  Crayfish survival with the Live+NZ diet 
(91.7 ± 7.6%) was significantly higher than with the Spain diet (z383 = 5.5, p = 0.03) but was 
not significantly different from the Live+Aus diet (Figure 5.3). 
 
Figure 5.3. Percentage survival of hatchling A. pallipes for the four different treatment diets: 
Live Artemia nauplii plus Australian pellet (Live+Aus); Live Artemia nauplii plus plankton 
(Live+P); Live Artemia nauplii plus New Zealand pellet (Live+NZ) and the Spanish practical 
crayfish pellet diet (Spain), from day-1 to day-40.  A different letter above a treatment 
denotes significance.  Error bars represent standard deviations. 
 
5.3.2.2. Growth 
From day-1 to day-40, crayfish growth was significantly greater with the Live+P treatment 
diet (2.5 ± 0.1 mm) than with the Live+NZ and Spain diet (F3,335 = 7.1, p < 0.001).  There was 
no significant difference between growth with the other three diet treatments (mean 2.24 ± 
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Figure 5.4. Mean growth, (final CL – start CL mm) of hatchling A. pallipes for the four 
different treatment diets: Live Artemia nauplii plus Australian pellet (Live+Aus); Live Artemia 
nauplii plus plankton (Live+P); Live Artemia nauplii plus New Zealand pellet (Live+NZ) and 
the Spanish practical crayfish pellet diet (Spain), from day-1 to day-40.  A different letter 
above a treatment denotes significance.  Error bars represent standard deviations. 
 
5.3.3. Experiment C  
Juvenile, 60-day-old crayfish fed on either: i) plankton plus vegetables (Standard), or ii) 
plankton plus vegetables incorporated into agar gel (Gel+PV). 
5.3.3.1. Survival 
For the juvenile A. pallipes, there was no significant difference in crayfish survival between 
Standard (97.9 ± 5.9%) and Gel+PV diet (96.9 ± 6.2%) (t187 = 0.45, p = 0.65) (Figure 5.5). 
 
Figure 5.5. Percentage survival of juvenile A. pallipes, within the different treatment diet, 
plankton plus vegetable (Standard) or plankton plus vegetables incorporated into agar gel 
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Crayfish growth (mm ± SD) on the Standard diet (3.1 ± 0.3 mm) was significantly greater 
than those on the Gel+PV diet (2.4 ± 0.2 mm), (t187 = 4.38, p < 0.001) (Figure 5.6). 
 
Figure 5.6. Mean growth, (final CL- start CL mm) of juvenile A. pallipes, within the different 
treatment diets, plankton plus vegetable (Standard) or plankton plus vegetable incorporated 
into agar gel (Gel+PV), between day-1 to day-40.  A different letter above a treatment 
denotes significance.  Error bars represent standard deviations. 
 
5.3.4. Experiment D 
Juvenile, 60-day-old crayfish fed four different treatment diets: i) Australian pellet (Australia); 
ii) New Zealand pellet (New Zealand); iii) plankton plus vegetables (Standard); and iv) the 
Spanish practical crayfish pellet diet (Spain). 
5.3.4.1. Survival  
For the juvenile crayfish, survival from day-40 to day-80 was significantly lower in the New 
Zealand treatment diet (78.4 ± 10.3%) than all the other three treatments: Australia (97.4 ± 
4.1%); (z383 = 3.2, p < 0.001), Standard (92.5 ± 11.6%); (z383 = 2.2, p = 0.03) and Spain (96.3 
± 4.0 %); (z383 = 3.2, p < 0.001).  Crayfish survival was not significantly different between the 






























Figure 5.7. Percentage survival of juvenile A. pallipes for the four different treatment diets: 
Australian pellet (Australia); New Zealand pellet (New Zealand); plankton plus vegetable 
(Standard); and the Spanish practical crayfish diet (Spain); from day-40 to day-80.  A 




From day-40 to day-80, crayfish growth was significantly greater within the Standard 
treatment diet (2.5 ± 0.4 mm) than with all three other treatment diets: Australian (1.4 ± 0.3 
mm, p < 0.001); New Zealand (2.0 ± 0.2 mm, p = 0.01); and Spanish diets (1.1 ± 0.3 mm, 
F3,20 = 28.52, p < 0.001).  Crayfish growth with the New Zealand pellet was significantly 
greater than with the Australian pellet (p = 0.01) and Spanish practical diet (F3,20 = 28.52, p < 
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Figure 5.8. Mean growth, (final CL – start CL mm) of juvenile A. pallipes for the four different 
treatment diets: Australian pellet (Australia); New Zealand pellet (New Zealand); plankton 
plus vegetables (Standard); and the Spanish practical crayfish diet (Spain), from day-40 to 
day-80.  A different letter above a treatment denotes significance.  Error bars represent 
standard deviations. 
 
5.3.5. Experiments B & D – total survival and growth 
Survival and growth of the juvenile crayfish was then examined by analysing the results from 
experiments B & D together and redefining these crayfish into groups 1, 2, 3 and Spain.  
This was so that survival could be assessed when feeding crayfish with the Spanish practical 
crayfish diet over a longer-time period in comparison to feeding other diets. 
Group 1 (G1): stage-2 hatchlings fed live Artemia nauplii plus Australian pellet (Live+Aus) 
from day 1-40 and Australian pellet (Australia) only from day 40-80. 
Group 2 (G2): stage-2 hatchlings fed live Artemia nauplii plus New Zealand pellet (Live+NZ) 
from day 1-40 and New Zealand pellet (New Zealand) only from day 40-80. 
Group 3 (G3): stage-2 hatchlings fed live Artemia nauplii from day 1-40 (Live+P) and 
plankton plus vegetables (Standard) from day 40-80. 
Spain: stage-2 hatchlings fed a practical Spanish crayfish pellet diet throughout both 

























  a 




5.3.5.1. Total survival  
Overall total survival from day-1 to day-80 of crayfish fed on with Live+P/Standard (G3) diets 
(88.5 ± 12.1%) was significantly greater (z383 = 2.53, p = 0.01) than with the Live+NZ/New 
Zealand (G2) diet (75 ± 18.1%) and Spanish practical (Spain) diet (77.1 ± 3.2%) (z383 = -
2.07, p = 0.04).  There was no significant difference between survival rates with the 
Live+Aus/Australia (G1) diet (83.3 ± 13.5%) and the other treatment diets (Figure 5.9). 
 
 
Figure 5.9. Percentage survival of A. pallipes from experiment C & D, day-1 to day-80.  G1: 
stage-2 hatchings fed live Artemia nauplii plus Australain pellet (Live+Aus) from day 1-40 
and Australian pellet (Australia) only from day 40-80.  G2: stage-2 hatchlings fed live Artemia 
nauplii plus New Zealand pellet (Live+NZ) from day 1-40 and New Zealand pellet (New 
Zealand) from day 40-80.  G3: stage-2 hatchlings fed live Artemia nauplii and plankton 
(Live+P) from day 1-40 and plankton plus vegetables (Standard) from day 40-80. Spain: 
stage-2 hatchlings fed a practical Spanish crayfish pellet diet from day 1-80.  A different 
letter above a treatment denotes significance.  Error bars represent standard deviations.  
 
 
5.3.5.2. Total growth 
Overall total crayfish growth (final carapace length - start carapace length) from day-1 to 
day-80 was significantly greater with the G3 (Live+P/Standard) diets (5.0 ± 1.4 mm) than 
with the G1 (Live+Aus/Australia) diet (3.7 ± 0.2 mm) and the Spain diet (3.3 ± 0.3 mm) (F3,20 
= 38.95, p < 0.001).  There was no significant difference in crayfish growth between any of 
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Figure 5.10. Juvenile A. pallipes mean growth, (final carapace length – start carapace length 
mm).  Total growth and survival of A. pallipes from experiment C & D, day 1-80.  G1: stage-2 
hatchlings fed live Artemia nauplii plus Australian pellet (Live+Aus) from day 1-40 and 
Australian pellet (Australia) only from day 40-80.  G2: stage-2 hatchlings fed live Artemia 
nauplii plus New Zealand pellet (Live+NZ) from day 1 - 40 and New Zealand pellet (New 
Zealand) from day 40-80.  G3: stage-2 hatchlings fed live Artemia nauplii plus plankton 
(Live+P) from day1-40 and plankton plus vegetables (Standard) from day 40-80.  Spain: 
stage-2 hatchlings fed a practical Spanish crayfish pellet diet from day 1-80.  A different 
letter above a treatment denotes significance.  Error bars represent standard deviations.  
 
5.4. Discussion 
In both experiments with stage-2 hatchling A. pallipes (A & B), consistently high survival 
rates (> 85%) were achieved with crayfish fed with enriched live A. fransicana (with 
additional food sources).  This is likely to be due to its nutritional components, having a high 
protein content (> 50%) and good levels of lipids and fatty acids (Treece, 2000); however, 
the essential nutritional elements that hatchling crayfish require still remain unknown 
(González et al. 2011).  González et al. (2012), demonstrated that a level of 55% protein 
was optimal for survival and growth of hatchling P. leniusculus; however, levels of over 33% 
would not compromise survival.  During the first 4-6 weeks of life, the levels of digestive 
enzymes steadily increase as the hepatopancreas matures (Hammer et al. 2000).  The 
proteolytic enzymes that Artemia nauplii contain may make digestion of dietary items easier 
for crayfish hatchlings and contribute to the maturation process of the hepatopancreas 
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Lower survival rates occurred with Artemia cysts plus plankton (experiment A), than with live 
Artemia.  This suggests that the nutritional content was not optimal and live Artemia nauplii 
are a more suitable first food item than Artemia cysts.  This is potentially because prey 
motility is important for A. pallipes hatchlings; the movement of the food may stimulate them 
to feed and this is provided by the nauplii but not the cysts.  This is in contrast to a study on 
stage-2 hatchling P. leniusculus, where no significant difference in survival between Artemia 
cysts and live Artemia nauplii was observed (González et al. 2009). 
When four age classes of yabby Cherax destructor were tested with live plankton versus 
pellet food, they spent 85% of their time feeding on live food and 15% feeding on the inert 
pellets (Meakin et al. 2008), demonstrating a preference for live food items.  This was also 
observed in a study where juvenile hairy marron Cherax tenuimanus, when presented with 
both live Daphnia and pellet, showed a significant preference for feeding on the live food 
(Meakin et al. 2009).  While observations on feeding preferences were not made as part of 
this study, a preference for live food items may be a result of their greater nutritional value.  
A stronger feeding response might have also been triggered by the presence of the live A. 
fransicana and therefore more food was ingested by the hatchlings in comparison to 
alternative diets.  The survival and growth of hatchling A. pallipes fed live food is consistent 
with previous studies on P. leniusculus (Saez-Royuela et al. 2007) and C. destructor (Austin 
et al. 1997).  In both cases growth and survival of hatchling crayfish was significantly higher 
when fed live food rather than other treatment diets.  This finding is also supported by in-situ 
analysis of the gut contents of A. pallipes juveniles, which were shown to be feeding 
predominantly on aquatic invertebrates (Paglianti & Gherardi, 2004). 
Growth of the hatchlings (experiment A) was also significantly greater when fed live Artemia 
nauplii plus plankton diet (Live+P) in comparison to decapsulated Artemia cysts plus 
plankton (Cyst+P).  This was despite significantly lower numbers of crayfish within the cyst 
treatment groups during this time period due to mortalities.  Previous studies have shown 
there is an increase in growth with a reduction in crayfish density (Nightingale et al. 2018a), 
which was not observed in this case, and therefore suggests that diet was a limiting factor. 
The practical Spanish diet (experiment B), which contained Artemia cysts, within the pellet 
mix, achieved higher survival rates in hatchling crayfish than the rehydrated, decapsulated 
Artemia cysts, with or without agar gel (experiment A).  The higher survival rate suggests 
there were some nutritional elements lacking from the non-live treatment diets in experiment 
A, which could be due to the quality of the original food elements (such as the cysts) or the 
preparation.  In a study by Kouba et al. (2011), industrially decapsulated Artemia cysts 




produced lower growth and survival rates than freshly decapsulated cysts fed to six-month-
old noble crayfish Astacus astacus. 
Crayfish within the Artemia nauplii plus plankton treatment (Live+P diet) were significantly 
larger than the crayfish in all three pellet treatment diets (Live+NZ; Live+Aus and Spain 
(containing Artemia cysts)), which indicates the plankton was providing the crayfish with 
more nutrition than the pellets.  When P. clarkii were tested with a variety of “dead” foods 
versus live fish, defrosted zooplankton was the most stimulatory prey item (Kreider & Watts, 
1998).  Therefore, in this current study, A. pallipes may be eating more of the plankton than 
the pellet diets offered as it elicits a stronger feeding response, suggesting that palatability is 
a key element of their dietary requirements. 
When sixty-day-old crayfish were fed different treatment diets, there was no significant 
difference in survival with the plankton or plankton plus agar gel diets (experiment C), 
indicating that the animals received enough nutritional content at the correct quantity to 
survive.  When these diets were fed to stage-2 hatchlings, there was a significant reduction 
in survival; however, this same diet, fed to older juveniles, did not result in decreased 
survival.  Therefore this provides evidence of the importance of the diet of crayfish during the 
first 40-days, after A. pallipes hatchlings are free-living, where correct nutrition is important 
for high survival and growth.  A possible explanation is an ontogenetic diet shift; the 
digestive enzymes within the hepatopancreas alter as crayfish mature and this corresponds 
to changes in diets (Hammer et al. 2000; Figueiredo & Anderson, 2003). 
In the case of both the agar-encapsulated (experiments A & C) and the pellet diets 
(experiments B & D), versus the plankton diets (experiments A, B, C & D), the plankton may 
be more palatable to the crayfish, in terms of both taste and texture, and therefore more is 
ingested, which increases growth.  Studies on the palatability of diets have shown that 
crustaceans will increase their feeding when particular stimulants are added to their diet 
(Harpaz et al. 1987; Hua et al. 2015); therefore, there may be particular amino acids within 
the plankton diet making it more desirable to the crayfish.  Crustacean species within 
aquaculture have preferences for specific textures and softness of food items (Cox & 
Johnston, 2003) and A. pallipes, may also prefer the texture of the plankton over the pellet or 
agar. 
The fact that hatchling survival and growth was improved with live food and plankton is 
supported by a study of A. pallipes analysing gut contents, which found that juvenile crayfish 
ingest a high proportion of invertebrates in their diet (Gherardi et al. 2004).  It has been 
suggested that as crayfish species mature they become predominantly detritivores (Paglianti 
& Gherardi, 2004); however, isotopic analysis of tissue suggests that aquatic invertebrates 




form a significant part of the diet throughout all age classes as found in koura Paranephrops 
zealandicus (Hollows et al. 2002) and P. leniusculus (Stenroth et al. 2006).  A recent study 
investigated reproductive ability and growth in P. clarkii and showed that there was a 
significant increase in both fecundity and specific growth when zooplankton diets were 
offered rather than a commercial pellet feed.  It indicates that the importance of zooplankton 
within crayfish diets at all age classes should not be underestimated (Sonsupharp & Dahms, 
2017).  This could explain why even in the older crayfish growth was still improved with the 
standard diet, which was still predominantly consisting of plankton. 
The aquaculture facility that was used was a closed-circuit recirculating system and 
therefore any chemical attractants contained within the specific diets could possibly end up 
in diluted amounts in other tanks.  These chemical attractants could make the diets more 
palatable (Hua et al. 2015).  The water from each tank returned into the filtration sump, via 
very fine micron-mesh filters, which helped to remove and dilute any attractants.  If there 
was any affect it is likely to have been minor and all the tanks would have received this in the 
same amount and so therefore it should have had a similar effect on all.  As this study was 
looking specifically at growth and survival from the nutritional qualities of the diets offered, 
the authors considered this to be an acceptable factor and having a closed circuit system 
ensured that there were no differences in water quality or temperature that might mask the 
direct effects of the treatments. 
Significantly higher growth was achieved with plankton diets in both experiments C & D, 
suggesting that the other treatment diets (Gel+PV and the pellet diets), were less 
nutritionally optimal.  In the case of the agar treatment diets (experiments A & C), although 
this has been found to produce good survival and growth in larger juvenile white yabby 
crayfish C. albidus (Coccia et al. 2010), the agar may not be suitable as an early food item 
for younger juveniles.  Crayfish may be consuming too much agar and not enough of the 
other dietary, protein-based items at a life-stage where protein is an important dietary 
component.  High survival rates were achieved with the Australian, Standard and Spanish 
pellet diets, indicating that the diets were of sufficient quality for the age age-class.  
However, crayfish fed the New Zealand pellet diet had significantly lower survival rates than 
the three other diets, suggesting there may be some nutritional element lacking within this 
particular diet for A. pallipes.  When the live food was removed (at day-40) there was a 
reduction in survival in the NZ pellet group, supporting the theory that the diet was lacking a 
nutritional element.  There are lower levels of protein in the NZ diet, compared to the other 
pellet feeds, which may result in lower survival rates during this critical life-stage.  Mortalities 
were often observed during the moulting stage, i.e. moult death syndrome where a lack of 
adequate nutrition can cause crayfish to die whilst moulting due to a lack of sufficient energy 




(Bowser & Rosemark, 1981).  In contrast to survival rates, the New Zealand pellet diet 
elicited higher growth when compared to the Australian and Spanish diets; although this may 
have been due to cannibalism in the New Zealand pellet trial tanks, as this corresponded to 
a reduction in crayfish numbers within the tanks and not all the mortalities were accounted 
for.  The crayfish may have been attacking moulting crayfish due to a nutritional deficiency 
within the diet (synchronised moulting was not occurring and therefore some crayfish were 
susceptible to cannibalism at this time).  Alternatively, the reduced numbers of crayfish in the 
treatment tanks, due to the lower survival rate, caused an increase in growth of the 
remaining individuals (Savolainen et al. 2004; Nightingale et al. 2018a). 
 
5.5. Conclusions 
Enriched live diets are important for high survival and growth of A. pallipes from when the 
hatchlings are free-living, up until day-40, after which time the hepatopancreas and 
associated proteolytic enzymes are more mature. The hatchling may be using the 
protetolytic enzymes from the A. fransicanca to aid digestion at this early life stage. The 
enriched plankton diet consistently produced high rates of survival and growth in A. pallipes 
in both the hatchling and juvenile experiments (A, B, C & D), in comparison to all other diets 
offered, which suggests that nutritional quality and palatability is optimal.  This is supported 
by studies of wild-caught A. pallipes juveniles, which consume a diet of predominantly 
aquatic invertebrates, (Scalici & Gibertini, 2007).  Therefore it is possible that pellets do not 
give optimal nutrition in comparison to a more natural diet and the A. pallipes juveniles are 
showing a natural tendency to consume plankton rather than the artificial feeds offered. 
Evidence suggests that zooplankton may be important within crayf ish diets at all age classes 
Hollows et al. 2002; Reynolds & O’Keeffe, 2005; Sonsupharp & Dahms, 2017; Stenroth et al. 
2017).  Therefore further research is required, to assess the long-term effects on growth, 
survival and fecundity of A. pallipes offered a solely pellet-based diet, rather than more 
natural food items. 
Pellet diets are a cheaper and more convenient option than producing bio-secure live food or 
gamma-irradiated frozen plankton.  Where time and financial constraints are not an issue, 
feeding live Artemia plus enriched plankton for the first 40-days and then moving on to an 
enriched plankton and vegetable diet is optimal for high survival and growth in A. pallipes.  
However, if A. pallipes are to be produced on a larger-scale, it may be more efficient to offer 
the practical crayfish pellet diet for all life-stages, but growth, survival and potentially 
fecundity may be compromised.  All the diets trialled in these experiments have been 




specifically designed for particular species of freshwater crayfish, which may have different 
nutritional requirements, and therefore there may not be a specific diet that will work for all 
the species that are bred and reared.  Therefore, for juvenile A. pallipes it is suggested that 
an enriched plankton and vegetable diet, with a live food element during the first weeks, will 
produce the best survival and growth. 
In the first three data chapters (section one of my thesis) I explored the key aquaculture 
elements to increase A. pallipes captive-breeding productivity.  In the second section of my 
thesis I explore their wild release.  In the next chapter I look at the efficacy of using passive 
integrated transponder tags as a permanent way of marking crayfish, to allow their long-term 
survival to be monitored once released into ark sites. 
  




5.6. Supplementary material 
Table S5.2. Composition and details of enrichment and feed items used in experiments A-D. 
Product 
 
Company address Composition  
Vitazin 
 
Waterlife Research Ltd, Middlesex, 
UK 
vitamins: A, B1, B2, B6, B12; nicotinic acid; 




Zebrafish Management Systems Ltd, 
Hampshire, UK 
protein: 65%; fats: 10%; carbohydrates: 15%; 
ash: 10% 
 
Vitalis frozen food 
enrichment 
World Feeds Limited, Thorne, UK oils; fats; proteins; canthaxanthin 12.5 mg/kg;  
vitamin A 15,000 iu/kg; vitamin D3 2,000 




Dr T&T Health UK Ltd, 
Northamptonshire, UK 
naturose derived from the microalgae 
Haematococcus pluvaili 
 
Artemia eggs Zebrafish Management Systems Ltd, 
Hampshire, UK 
100% eggs for hatching prior to feeding 
 
Nannochloropsis spp. 
(for gut-loading live 
Artemia spp.) 
Zebrafish Management Systems Ltd, 
Hampshire, UK 
liquid microalgae (68B cells/mL)  
HUFA live Artemia 
enrichment 
Zebrafish Management Systems Ltd, 
Hampshire, UK 
lipids: 32%; crude ash: 2%; DHA/EPA ratio: 
9:1, sum w3; HUFA 150 mg/g; vitamin A 
110,000 iu/kg; vitamin D3 10,000 iu/kg; 




Aquarama, Maidstone, Kent, UK 100% decapsulated cysts for feeding: protein 
60%; crude oil & fat 12%; Crude fibre 1%; 
crude ash 2% 
 
Plankton Tropical Marine Centre, 
Hertfordshire, UK 
gamma-irradiated: rotifers; copepods; 
bloodworm; Daphnia; Mysis & krill 
 
potato dextrose agar 
 




Special Ingredients Ltd, Derbyshire, 
UK. 









Table S5.3. Composition of pellets and the practical pellet diet used in experiments B and D. 
Australian CISRO New Zealand pellet 
                        
Spanish practical diet 
                                   
Ingredients % 
Soybean Dry matter 90.1 Soy lecithin
1
 0.1 
Fish meal Organic matter 94.2 Fish meal
2
 61.48 
Canola meal Nitrogen 4.5 Corn meal
3 
13.0 
wheat gluten  Dried decapsulated Artemia cysts
4 
15.0 
Dicalcium phosphate  Cod-liver oil
5
 3 
Bentonite  Cholesterol 
Mineral premix  Mineral premix
6 
2.0 
Vitamin premix  Vitamin premix
7 
0.28 
Bio mos  Astaxanthin
8 
0.1 
Krill hydrolysate (attractant)  Ascorbyl monophosphate
9
 0.04 
  Choline chloride
9 
0.5 










Crude protein 49 Crude protein 28.3 Crude protein 55.5 
Lipid 10 Non-structural carbohydrates 54.8 Carbohydrates 12.33  
 Starch 33.5 Moisture 8.3 
 Soluble sugars 9.5  
 Neutral detergent fibre 8.5 Fibre 3.78 
 Acid detergent fibre 3.8 Lipids 12.14 
 Crude fat 2.6  
 Ash 5.8 Ash 
Gross energy  (kJ·g−1)   
19 14.5 19.33 
 
1 BIOVER NV/SA Brujas, Belgium. 
2 BIOMAR Iberia / PROAQUA Nutrición, Dueñas (Palencia), Spain. 
3 ADPAN, Siero-Asturias, Spain. 
4 Artemia cysts INVE Aquaculture Nutrition, High HUFA 430 μm, Dendermonde, Belgium. 
5 ACOFARMA, Terrassa (Barcelona), Spain. 
6 (mg·100 g−1 premix): CoCl2 4; CuSO4-5H2O 250; FeSO4 4000; MgSO4-7H2O 28 398; MnSO4-H2O 
7 (mg·100 g−1 premix): Thiamine 2142.9; Riboflavin 1892.9; Niacin 7142.9 ; Pyridoxine 1785.7; 
Pantothenic acid 3785.7; Biotin 35.7; Folic acid 571.4; Cyanocobalamin 7.1; Myoinositol 14 285.7; 
Retinol 53.7; α-tocopherol 2382.1; Cholecalciferol 392.86; Naphthoquinone 312.43; Ethoxyquin 
3571.43.650; KI 67; Na2SeO3 10; ZnSO4-7H2O 13 193. 
8 BIOMAR Iberia / PROAQUA Nutrición, Dueñas (Palencia), Spain. 
9 NUTRAL SA, Madrid, Spain. 
10 Sigma-Aldrich Chemie GMBH, Steinheim, Germany. 
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effects and detection ranges of passive integrated transponders in white-clawed crayfish 
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Individual identification of the endangered white-clawed crayfish (Austropotamobius pallipes) 
can provide valuable information when assessing long-term survival of animals released into 
the wild; currently the most effective method is the use of passive integrated transponders 
(PIT) tags. 
A 360 day ex-situ experiment was undertaken on 20-month-old, captive-born A. pallipes of 
carapace length (CL): 22-31 mm, to assess growth and survival after PIT-tagging.  Thirty 
crayfish, matched for sex and size, were PIT-tagged, with 30 untagged crayfish as a control.  
All crayfish survived for the first 60 days post-tagging, indicating that there was no short-term 
survival effect of the procedure, in controlled conditions.  There was no significant difference 
in survival or growth over the year between tagged and untagged crayfish, indicating that A. 
pallipes (≥ 22 mm CL) can be PIT-tagged safely.  
A second ex-situ experiment investigated the detection range of adult, wild-caught, PIT-
tagged A. pallipes.  Eighteen A. pallipes were tagged with either 8 mm or 12 mm tags and 
added to different treatments (bare tank, tank with substrate, brick refuge, pipe refuge, pipe 
refuge plus slate), and the distance to detection was measured.  Throughout all treatments 
the A. pallipes tagged with 12 mm PIT tags were detected significantly further away (35.6 ± 
3.8 mm) than the 8 mm PIT-tagged crayfish.  
 
6.1. Introduction  
One of the recognised conservation techniques, to help safeguard the endangered white-
clawed crayfish Austropotamobius pallipes, is to establish ark sites (safe refuges) into which 
wild populations can be translocated, or captive-born animals introduced (Souty-Grosset & 
Reynolds, 2009; Nightingale et al. 2017).  Evaluation of the long-term success of these ark 
sites and the levels of recruitment can be greatly assisted by permanent marking and 
subsequent monitoring of the crayfish being released.  If released crayfish individuals can be 
identified and tracked over an extended time period, within an ark site, this will provide 
valuable information on the status, long-term viability, and health of these populations. 
The standard marking techniques for tracking crayfish have historically included 
cauterization, hole-punching, marking with correction fluid or oil-based pens/paints and 
radio-tracking (Abrahamsson, 1965; Guan, 1997; Ramalho et al. 2000; Haddaway et al. 
2010; Robinson et al. 2010; Louca et al. 2014).  However, none of these methods provides a 




permanent method of marking that is retained during moulting and some methods, such as 
cauterization, have been shown to reduce growth (Guan, 1997). 
There are several options for permanent marking of crayfish.  Visible implant elastomer (VIE) 
is a liquid elastomer that is injected under the skin, allowing identification of a limited number 
of individuals or groups by colour combinations or implant location.  Visible implant alpha 
tags (VI Alpha) are small, fluorescent tags with an alphanumeric code; VIE and VI Alpha are 
both designed to remain visible after they have been implanted within the animal (Gotteland, 
2013).  Both methods have limitations in terms of unique identification, retention rate, long-
term readability and, because the tagged animals cannot be detected remotely, they have to 
be recaptured to be identified (Buřič et al. 2008; Haddaway et al. 2010).  Coded micro-wire 
tags (CWT) are widely used in the fisheries industry.  They are very small (1.1 x 0.25 mm), 
and therefore can be implanted without survival being compromised.  The tags can be 
detected using hand-held readers; however, individual identification of live animals is difficult 
because the tag usually needs to be removed to be read (McMahan et al. 2012).  One of the 
most successful methods of permanent tagging, with easy individual identification, is the use 
of passive integrated transponders (PIT) tags. 
PIT tags are electronic chips, encased within glass, ranging in size from approximately 7 mm 
to 32 mm in length.  They remain passive, i.e. dormant, until they are activated by a reader, 
which emits a close-range electromagnetic field, causing the PIT tag to transmit its unique 
code.  PIT-tagging provides a permanent method to uniquely identify animals (Gibbons & 
Andrews, 2004).  The use of PIT tags for marking animals began in the 1980s, when it was 
trialled with salmonids in the fisheries industry (Prentice & Park, 1983).  With the 
development of PIT tag readers with extendable antenna, the tags can be read remotely, 
hence allowing animals to be identified in-situ without having to be captured or seen.  This 
can potentially provide a very useful tool for monitoring populations of species long-term and 
validating survival rates when captive-born animals are released into the wild, without the 
need to physically trap or handle the animals to identify individuals. 
The use of PIT tags on fish species is a recognised practice (Prentice and Park, 1983; 
Roussel et al. 2000).  In recent years, this technique has been used on crayfish species and 
there have been several in-situ and ex-situ studies published.  Field experiments include 
studies on A. pallipes (Bubb et al. 2010; Louca et al. 2014; Stead et al. 2015), slender 
crayfish Orconectes compressus, (Black et al. 2010), giant Tasmanian crayfish Astacopsis 
gouldi (Shepherd et al. 2011) and signal crayfish Pacifastacus leniusculus (Stead, 2015).  
Laboratory experiments include studies on P. leniusculus (Bubb et al. 2008; Wiles & Guan, 
1993), spiny-cheek crayfish Orconectes limosus (Buřič et al. 2008), O. compressus (Black et 




al. 2010), and woodland crayfish Orconectes hylas (Westhoff & Sievert, 2013).  High survival 
rates and good growth have been reported in most cases, when tagging crayfish > 25 mm 
carapace length.  However, previous laboratory studies were relatively short-term, typically 
less than 60 days in length, with one longer six-month study reported (Bubb et al. 2002). 
There have been no known published laboratory trials, to assess survival and growth of PIT-
tagged A. pallipes.  There are a few published field studies, which have shown that PIT-
tagged A. pallipes survived when returned to the wild (Bubb et al. 2008; Louca et al. 2014; 
Stead et al. 2015).  However, in all of these studies, only a proportion of the released tagged 
crayfish were detected and therefore percentage survival and growth of A. pallipes, post-
tagging, could not be confirmed.  PIT tags are available in a range of sizes and there have 
been several studies looking at the detection range of fish species that have been tagged 
with different sized PIT tags (Morhardt et al. 2000; Burnett et al. 2013).  However, there are 
no known published studies looking at the difference in detection range of crayfish tagged 
with different sized PIT tags.  Bubb et al. (2002) and Burnett et al. (2013) assessed the 
specific range at which different sized PIT tags could be detected when placed in a river, but 
these crayfish were not internally PIT-tagged. 
The objectives of the present study were two-fold: (i) to investigate the long-term effects of 
PIT-tagging on survival and growth of captive-born A. pallipes, within the laboratory, and to 
establish a minimum size at which A. pallipes can be safely tagged; and (ii) to investigate the 
detection range of PIT-tagged captive-born A. pallipes with 8 mm versus 12 mm PIT tags, 
within a variety of laboratory conditions.  Both experiments should help to inform the efficacy 
of using PIT tags for long-term monitoring of A. pallipes in-situ and the safe minimum size at 
which A. pallipes can be PIT-tagged. 
 
6.2. Materials and methods  
6.2.1. Investigating the effect of pit-tagging on growth and survival of A. pallipes ex-
situ 
For a detailed description of the wild collection, hatchery details and husbandry routines see 
Chapter 2 “General Methodology”. 
6.2.1.1. Source of experimental animals 
The A. pallipes used in this experiment were captive-born crayfish that were hatched from 20 
wild-caught, ovigerous females, collected from a local river population.  The crayfish were 




hatched and reared for the first year in the Crayfish Research Unit an indoor, closed-circuit 
aquaculture facility.  They were then moved to the outdoor Ubley Hatchery aquaculture 
facility and reared in large, outdoor, flow-through tanks for another ten-months prior to the 
experiment commencing. 
6.2.1.2. Experimental set up and design 
A year-long experiment was conducted at Ubley Hatchery.  Sixty, captive-born, 20-month-old 
A. pallipes were used in the experiment: 30 males and 30 females.  The crayfish were split 
into three groups, 20 crayfish in each, with an equal sex-ratio and, within each sex, an equal 
mean carapace length and weight.  Each tank group was then divided into tagged 
(treatment) and control sub-groups, with equal sex-ratio (Table 6.1). 
 
Table 6.1. Mean carapace lengths (CL mm) +/- standard deviation, of A. pallipes within the 
treatment and control groups for each of the replicate tanks (Tank 1-Tank 3); n=30. 






male tag 27.4 ± 4.0 27.5 ± 4.5 25.6 ± 3.3 
male untagged 28.1 ± 7.1 27.3 ± 1.2 26.1 ± 3.6 
female tag 25.6 ± 1.1 26.1 ± 2.6 24.8 ± 2.7 
female untagged 24.4 ± 1.7 25.0 ± 3.5 24.6 ± 3.0 
 
Crayfish in the treatment sub-groups were tagged with Trovan ID100A/1.4, (RFID Systems 
LTD, East Yorkshire, UK), 8 x 1.4 mm PIT tags and animals in the control group were left 
untagged.  For the tagging procedure, the crayfish were held around the cephalothorax and 
an incision made, with a sterile 2 mm-gauge, hypodermic needle, through the cuticle and 
abdominal muscle of the third ventral abdominal segment (i.e. between the second and third 
set of pleopods).  The tag was then injected into the abdominal muscle and the crayfish was 
scanned with a Trovan LID-55 midrange reader (RFID Systems LTD, East Yorkshire, UK) 
and the tag code recorded (Figure 6.1). 
Each group of 20 crayfish was then randomly assigned to one of three experiment tanks (0.9 
m2 bottom area), on continuous flow-through from a local water reservoir and with an excess 




of refuges, (engineered bricks and PVC pipes, no substrate).  Water temperature was 
allowed to fluctuate naturally with the incoming water and was recorded hourly with an 
aquatic TinyTag data logger (Gemini Data Loggers Ltd, West Sussex, UK).  Temperature 
varied seasonally between 5.8-22.5 °C, with no more than 2.8 °C variation over a 24 h 
period.  Water quality was monitored monthly and chemical levels remained constant 
throughout the experiment: ammonia < 0.1 mg/L, nitrite < 0.1 mg/L, nitrate 15 mg/l, 
phosphate < 0.1 mg/L, pH 8.0, calcium 35 mg/L, general hardness 120 mg/L, carbonate 
hardness 100 mg/L and a level of dissolved oxygen > 80%.  The photoperiod was natural 
and therefore fluctuated with season; average values were 12 h light and 12 h dark. No 
supplementary feeding occurred during the experiment; the crayfish foraged on live 
invertebrates and plant matter, existing within the tanks.  This naturally occurring food supply  
was in constant supply from the incoming water. 
6.2.1.3. Experimental procedure 
The experiment ran for 12 months, from the end of January 2016 until beginning of January 
2017.  The crayfish were measured and weighed every month.  At the end of the 
experiment, all surviving tagged crayfish were X-rayed with a Roentgen 703 machine (C&G 
Medical, West Midlands, UK) and processed with a Direct Digitizer Regius model 110 
(Konica Minolta, Essex, UK), to assess the internal position of the PIT tags.  
The crayfish were counted every 60 days; i.e. on days 1, 60, 120, 180, 240, 300 and 360.  
On each counting day, crayfish were scanned and biometric data recorded.  Carapace 
length was measured from the anterior edge of the rostrum to the posterior edge of the 
cephalothorax to the nearest 0.1 mm using Vernier callipers (Moore and Wright, Sheffield, 
UK).  The crayfish were dried with paper towel and weighed to the nearest 0.1 g using a 
digital weighing scale (Smart Weigh SWS600, Mosbacher Ltd, London, UK). Missing chelae, 
a standard measure of aggression, (Figureiel & Miller, 1995) and stage in moulting cycle, 
(i.e. whether inter-moult, pre, or post-moult), were also recorded.  During the breeding 
season reproductive status was recorded; i.e. if females were in reproductive glair 
(development of glair glands on the ventral abdomen of the female), egg production or had 
spermatophores (deposited by males) present. 
 






Figure 6.1.i) Passive integrated tags; ii) hypodermic needle showing ventral abdominal 
surface where PIT-tag is inserted; iii) crayfish being weighed; iv) crayfish being x-rayed © J. 
Nightingale.  
 
6.2.1.4. Data collection and analysis 
To determine if there was any difference in the survival of the tagged treatment and the 
untagged control, data were log transformed and examined by using nested binomial 
i ii 
iii iv 




generalized linear mixed models (function glmer, R package lme4, Bates et al. 2015).  To 
determine if there was any difference in growth of the tagged and untagged group, data were 
examined using linear mixed models (function lmer, R package lme4, Bates et al. 2015).  
The treatment, control groups and sex were considered as fixed effects, and tank was 
considered as a random effect.  The alpha level was set at p < 0.05.  Only variables that had 
a significant effect were retained in the model, and the most appropriate model was 
identified by using the Akaike’s Information Criterion corrected for small sample sizes (AICc).  
Where models were considered equivalent; i.e. AICc < 2, the model with the fewest 
parameters was chosen (Burnham et al. 2011).  Statistical analyses were performed using R 
3.2.5 (R Core Team, 2016). 
6.2.2. Investigating the detection rates of tagged A. pallipes ex-situ 
6.2.2.1. Source of experimental animals 
Eighteen, wild-caught adult A. pallipes crayfish (collected from the River Itchen, Hampshire), 
which had been maintained in an outdoor aquaculture facility for 9-13 months. 
6.2.2.2. Experimental set up and design 
The crayfish were PIT-tagged one week prior to the experiment commencing, using the 
technique described in method 2.1 (Table 6.2) and the study took place in May 2017. 
 
Table 6.2. Mean carapace lengths (CL mm) +/- standard deviation, of A. pallipes within the 
two PIT-tagged treatment groups: 8 mm and 12 mm tags; n=8. 
Treatment Male CL (mm) Female CL (mm) Male: female 
8 x 1.4 mm  PIT-tag 34.5 ± 1.5 35.1 ± 3.2 5:4 
12 x 2.1 mm PIT-tag 40.9 ± 3.2 38.9 ± 1.7 4:5 
 
An experimental tank (2000 x 500 x 750 mm) was used and water from the crayfish 
aquaculture system was added to a depth of 650 mm.  The tank was set up in one of five 
different treatments: (i) bare tank; (ii) tank with gravel substrate (to a depth of 20 mm); (iii) 
gravel substrate plus pipe refuge (50 mm diameter); (iv) gravel substrate plus brick refuge 
(50 mm diameter); (v) gravel substrate plus pipe refuge with slate (15 mm thickness) over 
pipe. 




6.2.2.3. Experimental procedure 
The PIT-tagged crayfish were added, one-by-one, to the experimental tank and the range of 
detection of each crayfish in each of the different treatments was measured using a single-
coil waterproof (IP54 rated) Trovan ANT-610F square antenna attached to a Trovan LID-65 
decoder box (RFID Systems LTD, East Yorkshire, UK; Figure 6.2).  The same crayfish was 
subjected to all five treatments sequentially and then removed and the next crayfish tested.  
For treatments iii, iv and v, refuges were added and the crayfish was put inside the refuge 
before the detection range was measured.  The antenna was placed in the tank under the 
surface of the water and moved towards the crayfish until the decoder box produced an 
audible noise, signifying that the PIT tag had been detected.  The distance between the 
crayfish and the antenna was then measured to an accuracy of 1 mm using a 300 mm rule. 
The process was repeated three times for each crayfish and the mean value calculated.  
 
Figure 6.2. Trovan antennae and PIT-tag reader plus car battery power pack © J. 
Nightingale. 
 




6.2.3.4. Data analysis 
To determine if there were any differences between the PIT tags of variable size and the 
distance to detection in the five different treatments, data were examined by using linear 
models (function lm, R package lme4, Bates et al. 2015) with normal distribution.  The five 
different treatments, sex and tag size were considered as fixed effects.  Model selection was 
as outlined in 6.2.4a. 
 
6.3. Results  
6.3.1. Investigating the effect of PIT-tagging on growth and survival of A. pallipes ex-
situ 
6.3.1.1. Survival 
All crayfish survived up until day-60.  From day-60 to 360, several crayfish went missing and 
were therefore presumed dead, although their bodies / gastroliths were not recovered; the 
crayfish could not have escaped as the outflows were meshed and the tanks lidded.  Eight 
tagged crayfish died in total, with carapace lengths (CL) at the start of the experiment 
ranging from 22-32 mm: males 22-32 mm and females 25-27 mm.  Two tagged crayfish died 
prior to each of the May (day-120), July (day-180) and September (day-240) counts and one 
tagged crayfish died prior to each of the November (day-300) and final January (day-360) 
count.  Five of the eight crayfish (CL: 25-32 mm) that died had moulted successfully at least 
once. The other three crayfish (CL: 22-27 mm) died before moulting could be confirmed. 
From day-180, three untagged crayfish died in total, with starting CL: 22-29 mm. 
 
All untagged crayfish had undergone two successful moults prior to death.  The two males 
(CL: 26 mm and 29 mm) died between August (day-180) and November (day-300) and the 
only untagged female to die (initial CL=22 mm), was found dead at the end of the 
experiment, CL=33.4 mm.  Although only one untagged female died in comparison with 5 
tagged males, there were no significant effects of sex (Z56 = -1.0, p = 0.31) or tagging 
(pooled sex: Z56 = 1.63, p = 0.1) on survival rates (Figure 6.3). 





Figure 6.3. Survival of PIT-tagged male and female A. pallipes compared with untagged 
males and females, shown throughout time series from day-1 to day-360 of experiment, 
n=30.  Error bars represent standard deviations. 
 
6.3.1.2. Growth  
Carapace length at the start of the experiment were not significantly different between tanks 
(F2,56 = 1.97, p = 0.16) or treatments (F1,56 = 0.24, p = 0.63) but males were significantly 
larger (mean ± SD) (27.0 ± 2.6 mm) than females (25.0 ± 2.1 mm); (F1,44 = 44.88, p < 0.001). 
After adjusting for the differences in starting length for males and females, the model 
showed that there was no significant effect of treatment (t48 = -0.27, p = 0.61) or tank on final 
carapace length (t46 = -0.71, p = 0.48). 
There was a significant effect of sex; over the course of the experiment, on average the 
males’ carapace length increased by 8.6 ± 1.1 mm and the females increased by 7.5 ± 1.5 





































Figure 6.4. Carapace length (mm) of PIT- tagged male and female A. pallipes compared with 
untagged males and females, at the beginning (day-1) and end of the experiment (day-360) 
n=30.  Error bars represent standard deviations. 
. 
6.3.1.3. Moulting events 
All moulting events occurred between the end of March (day-60) and the end of September 
(day-240).  First moults had all occurred between day-60 and day-120.  Of the tagged 
crayfish, 90% moulted successfully and it was unconfirmed if the three tagged crayfish that 
died between counts had already moulted because their bodies were not recovered.  Males 
with CL < 29 mm moulted three times, and males with CL > 29 mm moulted twice.  Females 
with CL < 26 mm moulted three times, and females with CL > 26 mm moulted twice.  There 
was an inverse relationship between moult increments; i.e. the increase in size of crayfish 
between moults, and carapace length and the percentage moult increment decreased as the 
crayfish grew.  Moult increments decreased with an increase in size of crayfish from a 
maximum of 5.2 mm CL increase (18.8% moult increment) down to a 2 mm CL increase 
(5.9% moult increment).  Females on average grew slower than males at all sizes. 
The crayfish were X-rayed at the end of the experiment.  In 25% of the crayfish, the PIT-tag 
had remained within the abdomen, and in 75% of the crayfish, the PIT tag had moved into 
the cephalothorax and was positioned close to the dorsal cuticle, adjacent to the 






























Figure 6.5. X-rays of PIT-tagged A. pallipes taken one-year post-tagging, with a black circle 
denoting the position of the PIT-tags © M. Barrows. 
 
6.3.1.4. Fecundity 
All tagged female A. pallipes came into reproductive glair and 80% of the untagged females 
came into glair, which was visible at the September count (day-240).  At the November count 
(day-300), three tagged and one untagged female had spermatophores present and one 
tagged and one untagged female had a single fertile egg attached to their abdomens.  Both 
eggs were still present and viable at the end of the experiment (day-360). 
6.3.2. Investigating the detection rates of tagged A. pallipes ex-situ  
There was a significant difference in detection range between crayfish tagged with 8 mm 
tags to crayfish tagged with 12 mm tags in all five treatments (t79 = 9.4, p < 0.001).  Crayfish 
tagged with 12 mm tags were detected by the PIT tag antenna on average 35.6 mm (SD=3.8 
mm) further away than the crayfish tagged with 8 mm PIT tags.  There was no significant 
difference in distance detection rates with bare tanks and tanks with a gravel substrate (t79 = 
0.59, p = 0.55).  There was a significant difference between detection range of crayfish in a 
bare / substrate tank versus within bricks (t79 = -11.90, p < 0.001), pipe (t79 = -10.47, p < 
0.001) or pipe plus slate (t79 = -10.37, p < 0.001).  There was no significant difference 
between detection rate of tagged crayfish within bricks versus pipes (t79 = 1.45, p = 0.16) or 
bricks versus pipe plus slate (t79 = 1.53, p = 0.13).  There was also no significant difference 
between pipes versus pipes plus slate (t79 = 0.10, p = 0.92) (Figure 6.6).  There was no 
significant difference in detection rate between males and females (t83 = -0.53, p = 0.59), or 
crayfish of different sizes (t77 = 1.57, p = 012) (Figure 6.6). 
 





Figure 6.6. Comparison of detection ranges of A. pallipes tagged with 8 mm or 12 mm 
passive integrated transponders, within five different tank treatments, n=8.  Error bars 
represent standard deviations. 
 
6.4. Discussion 
The current study found that there was no significant difference in survival, growth or 
fecundity between A. pallipes injected with 8 mm passive integrated transponders and the 
untagged control animals.  All of the crayfish survived for at least the first 60 days of the 
experiment, and there was a 100% retention rate of PIT tags.  This experiment was 
conducted with a fairly small number of animals due to the endangered status of the species.  
It would not have been ethical to tag a large number in case survival was significantly  
compromised by the procedure. 
These experimental findings are supported by previous laboratory trials tagging other 
crayfish species.  In a 50-day experiment undertaken by Wiles & Guan (1993), survival and 
growth of P. leniusculus tagged with 12 mm tags was not significantly different to untagged 
crayfish if CL > 26 mm.  Bubb et al. (2008), undertook a 182-day experiment and found that 
survival and growth of P. leniusculus, CL: 33.7-61.4 mm, tagged with 12 mm tags, was not 
significantly different to untagged crayfish, (93.3 and 96.7% survival rate respectively).  In a 
laboratory experiment with O. hylas, Westhoff & Seivert (2013) randomly tagged 96 crayfish 


































below 20% if crayfish CL > 23 mm and CL > 26 mm were tagged with 8.5 mm and 12.5 mm 
tags, respectively.  However, they also experienced a high mortality of untagged crayfish 
(20%), which may suggest there were underlying husbandry issues that might have masked 
the results of the experiment.  Black et al. (2010), experienced high mortality when O. 
compressus with a carapace length of < 23 mm were tagged with 8 mm tags.  
In a laboratory-based experiment with P. leniusculus, Wiles & Guan (1993), used 13 mm 
tags and injected the tags either at the base of the fourth pereopod or at the first pleopod 
ventrally into the cephalothorax, close to the internal organs.  They observed unusual 
behaviour after tag insertion with crayfish stretching out legs and or chelae after the 
procedure and in crayfish CL < 25 mm, 47.6% died within ten days.  They concluded that the 
PIT tags caused internal organ damage in the smaller crayfish and temporary reduction in 
leg movement in the some of the larger specimens.  In this current experiment, the PIT-tags 
were injected lower down the crayfish, into the muscle of the third segment of the abdomen, 
to reduce the risk of damaging internal organs whilst the tag was being inserted (as in Buřič 
et al. 2008).  The difference in tagging procedure may explain why smaller crayfish could be 
tagged without survival being compromised, and no temporary reduction in crayfish mobility 
was observed.  The X-rays of the tagged A. pallipes taken on day-360 showed that most of 
the tags had only moved slightly from where they were injected into the abdomen and were 
positioned either just into the cephalothorax (next to the hepatopancreas) or still just slightly 
further up the abdomen (Figure 6.5). 
All of the A. pallipes in this study survived the first 60 days indicating that tagging does not 
cause mortality in the short-term, under controlled conditions, and, up to day-180, there were 
only three deaths (10%) of PIT-tagged individuals.  After day-180, similar numbers of tagged 
(4) and untagged (3) crayfish died, suggesting that these mortality events were not 
connected to the tagging event.  This is supported by Wiles & Guan (1993), who concluded 
that crayfish mortalities occurring a few weeks after the tagging procedure could not be 
attributed to the physical tagging procedure because control animals also died. 
 
Mortality events in the current experiment could be linked to moulting.  The crayfish were 
held at a density equivalent of 5.8/m2 and therefore, during moulting, they could be 
susceptible to antagonistic encounters from tank-mates.  There was no supplementary 
feeding during the experiment, which might also have had an effect.  Bubb et al. (2008), and 
Wiles & Guan (1993), housed the experimental crayfish individually and therefore removed 
any potentially negative effects of tank-mates or competition for resources such as food and 
shelter. 




This study is the first known laboratory trial of PIT-tagging A. pallipes.  There are several 
published field studies on PIT-tagged A. pallipes released into rivers, which indicate that a 
large proportion of tagged crayfish survive at least short-term.  These field studies did not 
investigate survival or growth of individual crayfish over time or minimal size of crayfish that 
could be safely tagged, (Bubb et al. 2008; Louca et al. 2014; Stead et al. 2015).  Therefore, 
the current study is the first to illustrate that growth and survival of both sub-adults and adult 
A. pallipes is not compromised by the PIT-tagging procedure. 
During this experiment, both tagged and untagged crayfish successfully moulted up to three 
times from spring through to autumn, and growth was not significantly different between 
tagged and untagged crayfish.  Laboratory studies on other crayfish species also found that 
growth was not affected by PIT-tagging (Wiles & Guan, 1993; Westhoff & Seivert, 2013).  
Bubb et al. (2006), found that although growth was not significantly different, the tagged 
crayfish were 10% smaller than untagged individuals by the end of the experiment; tagged 
male crayfish were 4.7% larger than untagged males, whereas untagged females were 3.9% 
larger than tagged females. 
In this current experiment, the captive-born crayfish were only 2.5 years old at the beginning 
of the breeding season, and therefore, were potentially too immature to successfully produce 
large clutches of eggs.  This has also been seen in other groups of 2+ year captive-born 
crayfish (J. Nightingale pers. obs.); however, it could be that keeping the crayfish with an 
equal ratio of males at a density of 5.8/m2 caused other males to interrupt mating causing 
egg loss during egg-laying.  It was encouraging that all the tagged females came into glair 
and that there were signs of males having mated successfully, with two females producing 
viable eggs.  This is supported by Guan (1993), who tagged ovigerous P. leniusculus, which 
then carried their eggs full-term. 
This study shows that A. pallipes with a carapace length of 22 mm could be PIT-tagged 
without survival or growth being compromised.  When releasing captive-born crayfish, the 
individuals will rarely be larger than this size and therefore tagging with larger-sized PIT-tags 
is not a suitable option as this may well compromise survival.  When the detection range of 
the 8 mm tagged crayfish was compared with 12 mm tagged crayfish the average difference 
in range was marginal (35.6 mm), which indicates that tagging with 8 mm tags is a good 
compromise.  Using a single-coil antenna, the 8 mm tagged crayfish could be detected to a 
maximum distance of 120 mm when not within refuges, which was reduced to a maximum 
distance of 60 mm when the crayfish was inside a refuge.  Although 60 mm is a fairly small 
range, it was encouraging to note that, even when the crayfish was within a brick refuge, the 
PIT tag antenna could still detect the animal.  Larger, multiple-coil antennae are available, 




which can increase the detection range; however, they are heavier and more expensive. In 
reality, it can be very difficult to reliably detect crayfish remotely in-situ, and recapture 
through trapping is the preferred method.  Burnett et al. (2013) compared detection rates, 
plus range of detection, for tags of sizes 12, 23, and 32 mm.  The tags were attached to 
rocks underwater and the range of detection was an average of 120, 202, and 290 mm, 
respectively.  When tagged fish were tested, detection efficiency significantly increased with 
size of tag from 55% for 12 mm, 91% for 23 mm and 97% for 32 mm tags.  However, 23 mm 
tags are too big for even the largest of A. pallipes, which have a maximum CL of up to 55 
mm (Matthews & Reynolds, 1995).  The smallest crayfish that were tagged with an 8 mm tag 
had a minimum CL of 22 mm; i.e. the tag was 36% of the size of the carapace.  Working on 
this principle, if a 23 mm tag to be used, the crayfish would need to have a CL of 63 mm, 
minimum. 
When captive-born crayfish are released into the wild, this is typically done with 1+ animals.  
The ideal minimum size for release is at a CL of 22 mm or above to make them less prone to 
predation and more likely to breed in the year of release.  At this size, it also allows them to 
be safely PIT-tagged prior to release.  However, passive integrated transponders are still 
relatively expensive (€1.1/tag); in comparison to other internal markers, such as visible 
implant elastomer (VIE) and coded micro-wire tags (CWT), which are considerably cheaper 
options (a few cents per tag).  These other tagging options are suitable for crayfish < 22 mm 
CL, (due to their smaller size); however, they have their limitations.  Haddaway et al. (2010) 
tested VIE with A. pallipes (CL: 9.5-31.1 mm) and found there was an 87.9% retention rate 
and a 36.0% tag migration rate over a 103-day period.  They did not find a significant 
decrease in survival; however, survival in both the tagged (64.4%) and untagged (60.0%) 
groups was fairly low. Gotteland (2013) found no significant difference in survival when using 
VI Alpha, but experienced 33.0% mortality during a 60-day trial using VIEs with A. pallipes.  
In an experiment with the American lobster, Homarus americanus, McMahan et al. (2012), 
fitted CWTs and had an average 96% retention rate, CL: 12-30 mm.  Where large groups of 
crayfish require a group identification system at low cost, VIE could potentially be a solution.  
However, with this technique, identification of individual live animals would be difficult, tag 
retention is not 100%, there is an issue with tag migration and therefore, long-term tag 
visibility. 
 





Austropotamobius pallipes can be tagged with 8 mm passive integrated transponders at a 
minimum carapace length of 22 mm, without survival or growth being compromised.  Care 
must be taken, to ensure that the tag is injected into the muscle of the second or third 
segment of the ventral abdomen so that there is no risk of damaging internal organs during 
the insertion process.  Although 8 mm PIT tags, within A. pallipes, are detected at a shorter 
distance than 12 mm tagged crayfish, it is only an average of 35.6 mm difference.  This 
detection difference is outweighed by the benefits of using a smaller tag, which allows 
captive-born, sub-adult crayfish to be tagged prior to release, and reduces the risk of internal 
organ damage to any size-class of crayfish.  Although PIT-tagging is more expensive than 
other internal marking methods, it currently offers the only completely reliable method of 
permanently identifying individual animals and detecting them without having to recapture 
the individuals. 
In reality, detecting the crayfish remotely, once released, by using antenna, is still fairly 
limited and therefore the crayfish need to be recaptured to give us information as to their 
movements and survival once released.  Passive integrated transponder tagging does not 
provide information as to how they are utilising ark sites on a continuous basis but provides 
a snapshot in time.  In the next chapter I explore the use of acoustic telemetry as a means of 
continuously tracking individual crayfish, to help inform us as to how they utilise a space and 
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This study was undertaken in collaboration with Dr Clare Fitzsimmons and Kirsty Lees of 
University of Newcastle who assisted JAN with the design and implementation.  Amy and 
Martin Stanton gave permission for the study to take place at Vobster Quay Inland Diving 
Centre.  The hydrophone receiver array was borrowed from Dr. Clare Fitzsimmons. Howard 
Hugo Angel, Tim Clements, Kieran Hatton and Rachel Priest helped to position the 
hydrophone receiver array and carried out dive surveys to collect the hydrophones when the 
data downloads were required. Kieran Hatton also provided diver support and photography.  
Kirsty Lees assisted with data downloading and interpretation.  Maxwell Fisher provided 
professional GPS points and Marcus Blatchford provided an arthomosaic from drone survey 
to help with geo-referencing the hydrophone receiver array. Markilan Abrahams helped to 
geo-reference the hydrophone receiver array, produced the GIS maps and assisted with the 
initial data sorting in Excel.  JAN trapped and tagged the crayfish, downloaded the 
hydrophone data sets and submitted them to Vemco.  Vemco produced the data files, which 
JAN analysed.  GJ, PS and GM provided support and guidance with the study design and 
contributed criticially to the drafts. 




A 14-month passive acoustic telemetry study took place with white-clawed crayfish 
Austropotamobius pallipes at a crayfish quarry ark site in Somerset, between June 2016 and 
August 2017.  Twelve A. pallipes were tagged and their movements were monitored by an 
array of 12 underwater hydrophone receivers, to assess temporal and spatial patterns of 
activity.  Eight crayfish were released at the site of capture and four crayfish were released 
200 m from their original capture location.  The hydrophone receiver synctags showed 
considerable spatial and temporal inaccuracies, possibly due to reflection issues.  Despite 
this, the crayfish did not travel far from the original site where they were released.  The four 
crayfish that were released 200 m from their capture site, remained in-situ and did not exhibit 
homing behaviour.  All 12 crayfish were significantly nocturnal, being more active between 
21:00 - 03:00 h than at any other times of day, and this was consistent over all seasons.  
The crayfish were on average most active in spring and least active in summer. Females 
were more active than males at all times of day.  Females in spring were significantly more 
active than males in summer.  This is the first study using acoustic localisation of telemetry 
signals on a freshwater crayfish species.  Acoustic telemetry can provide useful insights into 
the long-term activity of A. pallipes; however, this data set may have been improved if test-
runs with the array had been carried out prior to the study commencing. 
 
7.1. Introduction 
Acoustic telemetry is a system whereby acoustic waves are used to determine and record 
the location of animals that are fitted with transmitter tags, which emit unique sound pulses,  
at a frequency, typically 69 or 180 kHz (Lucas & Baras, 2000).  Acoustic telemetry can either 
be passive or active.  Active telemetry relies on the data being detected by a portable 
receiver that is picking up sound pulses, which are emitted by the transmitter tags.  Passive 
telemetry relies on an underwater hydrophone receiver array, set up in a grid pattern, to 
detect and record acoustic signals, which are emitted from acoustic transmitter tags fitted to 
aquatic animals.  Typically, with passive telemetry, if the sound pulses from a tagged animal 
are picked up by at least three receivers, then detection will be registered.  The average time 
taken for the sound to reach the receivers will be calculated and triangulated to determine 
the location of the animal (Leclerq et al. 2018).  Passive acoustic telemetry allows aquatic 
animals to be tracked for long periods of time because many of the underwater hydrophone 
receivers and synctags have long battery lifespans.  Active telemetry is usually carried out 
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over periods of a few days or weeks and is limited by the operator, time spent in the field,  
range of detection and accessibility of sites (Lucas & Baras, 2000). 
Passive acoustic telemetry has been utilised for over 50+ years, to track a range of aquatic 
species. Species that have been tracked using this technique include Atlantic cod Gadus 
morhua (Rillahan et al. 2009; Ward et al. 2012), Gulf sturgeon Acipenser oxyrinchus desotoi 
(Dorazio & Price, 2019), Atlantic salmon Salmo salar (Juell & Westerberg, 1993; Føre et al. 
2011), abalone Haliotis discus hannai (Hwang & Shin, 2010), lingcod Ophiodon elongates 
(Andrews et al. 2011) and black tip sharks Carcharhinus melanopterus (Simpfendorfer et al. 
2002).  This type of telemetry was first tested on crustaceans, over 20 years ago, and is now 
a relatively well established technique for tracking lobsters (Macarthur et al. 2008; Moland et 
al. 2011; Skerritt et al. 2015).  Acoustic telemetry has several advantages over radio 
telemetry for underwater tracking because the tags can be used in both marine and 
freshwater environments and it can be used at depth; radio telemetry is only possible in 
freshwater up to 35 m depth (DeCelles & Zemeckis, 2014). 
Traditionally, activity patterns in crayfish would have been recorded by visually observing the 
crayfish (Gherardi et al. 1998; Barbaresi & Gherardi, 2001).  More recently underwater video 
cameras, both in-situ and ex-situ, have provided useful data sets with noble crayfish Astacus 
astacus, spiny cheek crayfish Orconectes limosus (Musil et al. 2010) and rusty crayfish 
Orconectes rusticus (Davis & Huber, 2007).  Other methods include periodic trapping of 
crayfish species such as A. astacus and red swamp crayfish Procambarus clarkii within the 
field (Gherardi et al. 2000; Hudina et al. 2008); magnetic field detection (Lozan, 2000) or by 
using actographs ex-situ (Barbaresi & Gherardi, 2001).  A fairly familiar method of 
extrapolating patterns of movement is by using capture mark recapture methods (Gherardi et 
al. 1988). 
The development of Passive Integrated Transponder (PIT)-tagging, has refined ways in 
which crayfish behaviour is studied in the wild.  Animals can now be injected with permanent 
tags, which enable the crayfish to be uniquely identified, and allows for potentially longer-
term studies (Bubb et al. 2002; Bubb et al. 2006; Johnson et al. 2014; Nightingale et al. 
2018c).  Active radio telemetry has been applied to the study of a broad range of crayfish 
species: white-clawed crayfish Austropotamobius pallipes (Robinson et al. 2000; Bubb et al. 
2006); signal crayfish Pacifastacus leniusculus (Bubb et al. 2002; Anastácio et al. 2015); A. 
astacus (Bohl,1999; Schiltze et al. 1999; Daněk et al. 2018); Tasmanian crayfish Astacopsis 
gouldi  (Webb & Richardson, 2004); O. limosus (Buřič et al. 2009a, Buřič et al. 2009b); P. 
clarkii  (Gherardi et al. 2002; Barbaresi et al. 2004; Aquiloni et al. 2005; Anastácio et al. 
2015); Murray River crayfish Euastacus armatus (Ryan et al. 2008); new river crayfish 
Cambarus chasmodactylus (Loughman et al. 2013); and stone crayfish Austropotamobius 
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torrentium (Daněk et al. 2018).  In contrast, the application of passive acoustic telemetry in 
the study of crayfish has never been tested. 
There are several unanswered questions concerning the in-situ behaviour of A. pallipes, 
during its daily and seasonal cycles.  When are crayfish active and does activity vary 
temporally?  Do crayfish have home ranges and if so, how are these utilised?  How far do 
crayfish range?  Do crayfish exhibit refuge fidelity?  Is there a difference in activity between 
sexes?  Direct observations of this species can be difficult given its secretive nature, making 
these questions difficult to resolve.  A. pallipes is endangered throughout its range in the UK 
and mainland Europe (Füreder et al. 2010) and establishing safe ark sites is a recognised 
conservation strategy for this species (Nightingale et al. 2017).  Being able to closely monitor 
crayfish movements over an extended time period can be a great asset to conservation 
efforts.  Understanding habitat utilisation, for example, can aid in ark site selection and 
targeted environmental modifications, to improve population sustainability.  Passive acoustic 
telemetry presents an opportunity for continuous data recording, over extended time periods, 
to potentially enable us to answer these questions.  However, this technique has not been 
tested on smaller crustaceans with small-scale, home ranges and there are no known 
published studies on tracking crayfish by using passive acoustic telemetry.  The aim of this 
present study was to examine the behaviour of tagged A. pallipes using fine-scale passive 
acoustic telemetry.  Data were collected, to try and resolve the questions regarding their in-
situ behaviour and activity patterns. 
 
7.2. Material and Methods 
7.2.1. Study site 
A still-water A. pallipes ark site at Vobster Quay Inland Diving Centre in Somerset (National 
Grid Reference: ST 705 498) was selected for the experiment.  The site is a disused 
limestone quarry filled with water approximately 14.5 ha in size with a depth of up to 21 m 
(Figure 7.1.i).  The site was established in 2009 as a crayfish ark site.  Adult A. pallipes from 
a local native population (in Bath and North East Somerset), under threat from P. leniusculus 
invasion, were translocated into the site. 
7.2.2. Experimental design 
In May 2016, an array of 12 VR2W single-channel, omnidirectional 69 kHz hydrophone 
receivers (Vemco, Nova Scotia, Canada), was set up in a grid pattern at the site, with 
approximately 15-40 m between each hydrophone.  The array covered an area of  
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approximately 120 m2 and was within the original location where the A. pallipes were 






Figure 7.1. Photos of Vobster Quay Inland Diving; i) aerial drone view of quarry showing 
hydrophone area on left-hand side of photograph © M. Blatchford; ii) position of the 12 
hydrophone receiver array (numbered yellow dots), plotted over a Google Earth basemap.  
The blue dot denotes the location where all 12 crayfish were captured and the eight of the 
crayfish (cray1 - cray8) were released when tagged.  The red dot denotes the location of 
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Each of the hydrophone receivers was moored to the bedrock by a rope, with a weight at the 
bottom.  A V13-1x coded synchronisation tag (synctag), was paired to each receiver and 
attached to the lines, 1 m below the hydrophone receivers (Figure 7.2).  The position of each 
hydrophone was marked by a surface buoy.  This methodology was adapted from the 
methods used by Skerrit (2014).  The synctags act as a control to help validate the data 
received from the tagged animals (Mathies et al. 2014) and to help with clock drift.  Each 
hydrophone receiver has an internal clock, which can drift up to four seconds per day and 
this clock skew will be detected by the synctags (Andrew et al. 2011).  The synctags were 
set to repeatedly send their acoustic signal with a random delay between 200-400 s.  The 
animal tags were set to send a signal between 120-180 s to minimise signals / sound waves 
colliding and therefore not being detected.  The hydrophone receivers varied in their depth 
depending on the depth of the quarry at their location.  Hydrophone receivers 1, 2, 3, 4, 8, 9, 
10, 11 & 12 were at 3 - 4 m depth and hydrophone receivers 5, 6 and 7 were at 21-22 m 
depth.  In all cases, the synctags were attached 1 m below the hydrophone receivers.  
These depths were taken into account by Vemco when they carried out the data analysis.   
Vemco is an international company, based in Nova Scotia, Canada and is one of the world 
leaders in producing acoustic telemetry equipment and providing data analysis. 
 
Tagged divers were deployed in the area to test detection levels of the receivers, to ensure 
that the array was in the correct position.  The hydrophone locations were mapped, initially 
using a handheld Garmin Geographical Positioning System (GPS) unit, (Southampton, UK).  
This was then verified by using drone photographs and geo-referencing with GIS and using 
a professional GPS unit, a Topcon GPS 1 L1/L2 RTK, (Tamworth, UK).  An average value 
was taken for each position and cross-checked with a satellite image from Google Earth.  
Surface water temperature was recorded every week, over the course of the experiment, 
using a digital thermometer (Figure 7.4). 
  





   
Figure 7.2. i) Hydrophone receivers; ii) hydrophones attached to weights; iii) hydrophone 
with synctag and weight attached; iv) diver deployment system; v) divers heading to 
hydrophone deployment site; vi) diver surveying hydrophones and recording GPS locations  
© J. Nightingale. 
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 7.2.3. Pilot study 
Prior to the experiment commencing, a wild-caught A. pallipes (from a local natural river 
population), which had been in captivity with two other crayfish and monitored for several 
months, was tagged and monitored.  The tag was glued to the dorsal carapace and the 
crayfish was monitored for a further four weeks to assess if the tag was affecting it in any 
way (Figure 7.3.iv).  The other two crayfish acted as controls.  Monitoring included: activity 
patterns, movement, space utilisation, refuge selection, interaction with conspecifics and 
feeding frequency.  After this pilot study there were concerns that this was not the most 
reliable method of attachment and a more robust technique would be to tie the tags to the 
chelipeds.  After the pilot study a further test-run was carried out by tagging only three male 
crayfish and releasing them into the quarry and assessing data received over a four week 
period. 
7.2.4. Crayfish collection 
The crayfish were captured from the still-water Vobster Quay Inland Diving quarry ark-site 
where the research took place.  Plastic mesh crayfish funnel traps and collapsible crayfish 
traps were used.  The traps measured 595 x 300 mm, with a 12 mm mesh width and an 
entrance of < 90 mm, (to prevent otters being trapped).  The traps were baited with sprats 
Sprattus sprattus, and left in the quarry overnight.  Crayfish were caught, tagged and 
returned to the site between 20.06.16 and 20.07.16, with a total of 12 crayfish caught and 
tagged.  A Vemco V7-4L 69 kHz transmitter tag of size 22.5 length x 7 mm diameter; 1.0 g 
weight in water (i.e. approximately 3% of crayfish bodyweight), was inserted into 6 mm 
airline (Figure 7.3.ii).  This was then gently cable-tied around one of the two crayfish 
chelipeds, using the same technique that has been developed for lobster tagging (Moland et 
al. 2011; Skerritt, 2014), the exception was the first crayfish to be tagged for the pilot study 
(see section 7.2.3).  Once tagged, the crayfish were monitored within a tank for 
approximately 30 minutes, to ensure that they were fully mobile, could right themselves 
correctly and could jack-knife effectively, prior to release.  All 12 crayfish were in good visible 
health, with no physical deformities.  Mean carapace length (± SD) was 47.45 ± 3.73 mm 
and mean weight (± SD) was 34.24 ± 9.67 g (Table 7.1).  Eight crayfish were released from 
the locations where they were trapped.  The other four crayfish (equal sex-ratio) were 
released on the other side of the quarry edge, approximately 200 m from where they were 
originally trapped, to establish if the crayfish would exhibit homing behaviour and return to 
the site where they were caught. 
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Figure 7.3. i) 8 mm PIT-tags; ii) inserting tag into airline for cable tie attachment © J. 
Nightingale; iii) attaching cable tie to crayfish cheliped; iv) pilot trial tag glued on to dorsal 
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Table 7.1. Data from individual crayfish (cray1 - cray12) including biometric information and 
carapace length (CL), plus tag attachment details, release date, release location, plus date 
of final tag transmission.  M is male, F is female. 
Crayfish Sex CL (mm) Size (g) Released Release area Attachment Last 
transmission 
Cray1 M 44.3 30.0 22/06/16 capture site (cs) cheliped 16.07.16 
Cray 2 M 43.2 25.0 22/06/16 capture site cheliped 08.07.17  
Cray3 M 49.4 42.8 22/06/16 capture site cheliped  08.07.17 
Cray4 F 31.0 9.1 04/07/16 wild-caught carapace 01.07.17 
Cray5 M 43.5 27.1 20/07/16 capture site cheliped 31.07.16 
Cray6 M 45.5 33.5 20/07/16 capture site cheliped 04.08.17 
Cray7 F 47.5 29.5 20/07/16 capture site cheliped 04.08.17 
Cray8 F 48.0 30.4 20/07/16 capture site cheliped 31.08.16  
Cray9 M 47.5 33.5 20/07/16 200 m from cs cheliped 04.08.17 
Cray10 M 56.0 59.0 20/07/16 200 m from cs cheliped 02.11.16 
Cray11 F 46.0 27.8 20/07/16 200 m from cs cheliped 04.08.17 
Cray12 F 51.0 38.1 20/07/16 200 m from cs cheliped 22.06.17 
 
 
Figure 7.4. Average surface water temperature at Vobster Quay Inland Diving from June 
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7.2.5. Data collection 
Data were collected by the hydrophone receivers every 180 seconds over a 12-month 
period, from all tagged crayfish.  The hydrophone array was kept within the quarry for 16 
months from June 2016 until September 2017 and the data collection period covered all four 
seasons, spanning June 22, 2016 to August 4, 2017.  For data analysis the year was divided 
into four seasons: winter: December 1 – February 28; spring: March 1 – May 31; summer: 
June 1 to August 31 and autumn: September 1 to November 30.  Over the course of the 
study period there were two summer periods, summer1 (2016) and summer2 (2017).  The 
data were downloaded from the hydrophone receivers periodically throughout the year: 
August 2016, September 2016, May 2017 and September 2017.  This was done by a team 
of divers who removed the hydrophone receivers from their marker buoys and weights and 
brought them ashore where the data could be retrieved.  Once the data download was 
completed, the hydrophones were returned to the same location.  The downloaded data 
were then checked using the VUE (VEMCO User Environment) software programme.  This 
software allows the data from the hydrophone receivers to be uploaded into a central 
database.  By uploading the data we could ensure data were still being received by the 
hydrophones and the receiver tags on the crayfish were active.  In order to determine 
precise locations of the crayfish, the full data set was then analysed by Vemco using their 
Vemco Positioning System, to give high resolution tracks of individual crayfish. 
7.2.6. Data analysis 
Vemco calculated the position of each tag by calculating the average time difference of 
arrival of the tag to at least three hydrophone receivers.  When all the raw data from all 12 
crayfish tags were plotted, there was a great deal of error, with approximately 25% of the 
recordings seemingly corresponding to an area on land (Figure 7.5).  Vemco use a system 
called horizontal positioning error (HPE), to validate the accuracy of the tag position.  This 
system is based on several variables such as water temperature, hydrophone and synctag 
depth and the accuracy of the data received from the synctags on the receivers, which are at 
known locations.  The HPE produces relative values, without units: the higher the value, the 
higher the error.  For the synctags, this error is applied to metres (HPEm) as the synctags 
are at known locations (Smith et al. 2013). 
 
 




Figure 7.5. Complete data set for all 12 tagged crayfish over the course of the study from 
June 2016 – August 2017. 
 
When the raw data for the synctags were checked for accuracy, there was considerable 
variation (Figure 7.6).  All data points on the synctags, where the HPEm was >  3 m, were 
removed, to ensure that the synctags were being recorded at the correct place.  Out of 
41,000 locations, 18,216 data points were accurate, within 3 m of their known location point 
(approximately 30%) (Figure 7.7.a).  These inaccuracies in data locations were particularly 
prominent in the first month from June to July 2016, partly due to the fact that three of the 
hydrophones were repositioned before the other eight crayfish were released. Therefore the 
first month was removed from the data set.  With the HPEm > 3 m rule applied, this removed 
70% of the data set and provided a more accurate map in terms of the location of the 
hydrophone receiver synctags (Figure 7.7.b).  When this data set was explored, the times 
when the synctag data points were accurate, were scattered throughout each day and over 
the entire year.  For example, when a day (11.08.2016) was randomly selected and the data 
from all 12 synctags were compared, there were no set times in the day when all 12 synctag 
locations were accurate.  The fact that there was no consistency as to when the synctags 
were recording accurately meant that there were no specific times and days that could be 
removed.  If there had been certain times in the day or year when the location data for all 12 
synctags were consistently accurate, then only the crayfish data from these same days and 
times would have been analysed, which may have produced more accurate maps.  




Figure 7.6. Raw data for all 12 x synctags, attached to the 12 hydrophone receivers, with all 
the data received over the full experiment from June 2016 – August 2017.  The orange dots 
are the complete data set, the blue dots represent the data received from the 12 synctags 
once the HPEm > 3 m rule is applied. 
 
Figure 7.7.i) All data received from June 2016 – August 2017 from the 12 synctags attached 
to the 12 hydrophone receivers, after the HPEm > 3m rule was applied.  Purple dots indicate 
the actual location of the hydrophone receivers; green dots are the synctag location data. ii) 
Data received from the 12 synctags from August 2016 after three hydrophone receivers 
were repositioned.  Yellow dots indicate the actual location of the hydrophone receivers, 
purple dots are the synctag location data after the HPEm > 3 m rule was applied  
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The recommended HPE > 24, which is an arbitrary recommended value (Smith et al. 2013) 
was then applied to the crayfish data set, to see if the data set was any more accurate; 
however, this still resulted in obvious inaccuracies in crayfish location; i.e. crayfish data 
points were still on land (Figure 7.8).  Although A. pallipes can move terrestrially on 
occasion, most of these terrestrial locations are probably inaccurate (Masefield, 2019). 
 
Figure 7.8. Revised data set for cray6 from June 2016 – August 2017 after the data from the 
inaccurate synctags were removed: i) raw data; ii) raw data with the blue dots showing the 
data set once the HPE > 24 error was applied. 
 
The maps for each crayfish were examined, to assess the broad movement range of the 
animal.  The only analysis that could reliably take place was on the activity patterns of the 
crayfish.  The tags were set to transmit every 180 s and it was assumed that if a crayfish 
could be ‘seen’ by the hydrophone receivers then it was not hiding (within a refuge) and was 
assumed to be active.  This assumption is supported by the findings of Skerrit et al. (2015): 
when lobsters were within their refuges the tags could not be detected by the hydrophones.  
The days were divided into eight, 3-hour time blocks and the number of times each crayfish 
was recorded was converted to a percentage for each time block.  This was done by 
calculating the amount of possible times the crayfish could be seen and dividing it by the 
amount of actual time crayfish movement was detected.  The data were analysed to assess 
activity levels over each day, season, sex and individuals.  Activity levels differences were 
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analysed with ANOVA and data were log transformed to normalise variations.  Tukey’s post-
hoc test was applied to assess pairwise differences in activity levels between days, seasons 
and sexes.  The statistical analysis was carried out using the software package R 3.2.5 (R 
Core Team, 2016). 
 
7.3. Results 
7.3.1. Crayfish detection patterns 
From the complete data set, there were 3,736,575 animal tag detections logged over the 
course of the data collection period.  There were 12 unique animal tags detected; of these, 
total detections ranged from 2,034 (cray5) to 737,654 (cray11) and 58.5% of animal tag 
transmissions were detected on at least three receivers, and each animal tag transmission 
was detected 3.6 times on average.  A total of 449,885 synctag positions and 472,477 
animal tag positions were calculated by the Vemco Positioning System.  Positions were 
calculated for 12 different animals; of these, yields ranged from 30 positions (cray5) to 
104,695 positions (cray11). 
Four crayfish (cray6, 7, 9 and 11), out of the 12, were assumed to still be carrying their tags 
at the end of the experiment.  This was because the tags were still being detected by the 
hydrophones until the batteries ran out on 4.8.17, (when the transmissions stopped between 
22:05-22:55).  The other eight crayfish presumably died, dropped or lost their tags prior to 
the end of the study period.  Length of detection varied from 24 days (cray1) to 381 days 
(cray6, 7, 9 & 11), Table 7.1.  From the raw data for each of the crayfish, it can be seen that 
despite the obvious error in the data set, the crayfish remained near their release sites and 
their range did not cover the entire quarry area during the study period (Figure 7.9). 
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Figure 7.9. Location of the crayfish cray1 - cray8 (C1 - C8) at Vobster Quay Inland Diving, 
which were released at the same site from where they were originally captured.  Recorded 
over the entire study period from June 2016 – August 2017, complete data set shown.  
Detection dots are coloured by date, with lighter shades indicating earlier dates.  
 
7.3.2. Home range study 
The four crayfish that were released at the opposite side of the quarry, to where they were 
trapped, remained near to the site of release (See Figure 7.1).  They did not return to the 
location where they were originally captured (Figure 7.10). 





Figure 7.10. Locations of crayfish cray9 - cray12 (C9 - C12) at Vobster Quay Inland Diving, 
recorded over the entire study period from June 2016 – August 2017.  Complete data set 
shown. 
 
7.3.3. Activity patterns 
Daily activity 
Crayfish were significantly less active (13.9%) between 09:00-15:00 than at all other times of 
the day (F7,80 = 3.77, p < 0.001).  There was no significant difference between any other 
times within a 24-hour time period, when their activity varied between 25-40% (Figure 
7.11.a).  Females were on average more active than males at all time periods.  Both sexes 












Figure 7.11. Average percentage of time that all 12 crayfish were active during a 24-hour 
period each season over the duration of the study from June 2016 – August 2017.  Each day 
was split into 3-hour blocks: a) all crayfish together; b) with separate sexes shown.  Error 




























































The seasonal activity of the individual crayfish varied.  On average (mean ± SD), they were 
most active in spring (35.5 ± 9.2%) and least active in both summers (26.1 ± 9.8%).  Activity 
in spring was significantly greater than summer1 (F4,355 = 2.73, p = 0.02) but not significantly 
different to any other season.  There was no significant difference between summer, autumn 
and winter activity (Figure 7.12.a).  There was a significant interaction between sex and 
season.  Post-hoc Tukey analysis revealed that the activity of males in summer1 and 
summer 2 was less than the activity of females in spring (F4,350 = 2.78, p = 0.03) (Figure 
7.12.b). 
 
Figure 7.12. Average percentage of time that all 12 crayfish were active during each season 
over the duration of the study from June 2016 – August 2017; a) all crayfish together; b) with 





















































Four crayfish, cray6 (male); cray7 (female); cray9 (male) and cray11 (female), were still 
transmitting data up until the end of the study period, when the batteries within their tags 
stopped.  When their activity patterns were analysed there was no significant difference in 
average seasonal activity (F3,155 = 0.89, p = 0.47).  However, there was considerable 
variation in seasonal activity between the four crayfish, over the entire study period.  Three 
out of four (cray6, 9 and 11) were most active in the autumn and winter months.  On average 
the female cray11 was the most active and the male cray6, the least (Figure 7.13).  There 
was no significant difference between the activity of cray9 and cray11 and cray6 and 7; 
however, there was a significant difference between the activity rates when cray6 and cray7 




Figure 7.13. Average percentage of time that the remaining four crayfish (cray6, 7, 9 & 11) 
were active during each season throughout the study from June 2016 – August 2017.  Error 
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7.4. Discussion  
7.4.1. Telemetry tracking 
From this study it is clear that A. pallipes can be successfully tagged either by attaching tags 
to their chelipeds or by glueing them on to their dorsal carapace.  However, the tag will be 
lost when the crayfish moults, or if the crayfish loses the cheliped to which the tag is 
attached.  Tags were lost, likely as a result of such events, for example, Cray5 probably 
died, moulted, or dropped its cheliped soon after the study began as the location data for its 
tag was only received for 24 days.  In some cases, it is evident that there was a period of 
inactivity at the end of the data transmission probably due to a moult, which lies inactive for a 
while before being buried with sediment.  In many cases, a fair amount of activity was noted 
right up until the point where the pulses stop, which may imply that the crayfish had been 
eaten by a predator and removed from the area, or that the animal entered a burrow to die or 
moult and the tag was not detected again.  When the crayfish were being selected for the 
study, it was difficult to confidently assess whether the crayfish was going to moult. All 
crayfish selected were fully-grown, adult crayfish, which moult less frequently than smaller 
individuals.  In the case of the crayfish where transmission was lost during summer and 
autumn, it was quite likely due to a moulting event especially with cray5, which stopped 
transmitting after less than one month.  With cray10, where transmission stopped in late 
autumn, we can assume that this was not due to moulting as it was during a time when 
temperatures were too low for moulting (Scalici & Gibertini, 2009b).  In this case it is likely 
that the crayfish was eaten by a predator, lost the cheliped to which the tag was attached, or 
the tag became detached during courtship activity. 
In this study, the telemetry errors were high making spatial data unreliable and therefore 
impossible to inform us of the precise movements of the crayfish.  The hydrophone array 
would not have picked up the sound waves emitted from the tags if the crayfish had been out 
of the water. Therefore we know that the crayfish were not moving terrestrially and we know, 
from the physical presence of the surface marker buoys attached to the hydrophones, where 
the synctags were located in the quarry.  The large and numerous inaccuracies within the 
data set; i.e. data points of both the crayfish tags and synctags out of water, outside the 
perimeter of the quarry, could be due to reflected sound.  The stone surface of the east side 
of the flooded quarry would reflect sound more effectively than other substrates causing 
spatial errors in detection.  This may not have been an issue with the north side as it is made 
up of soft clay.  The south side, although rocky, may not be as reflective as the east side 
(Kessel, 2015).  In addition, with 12 crayfish frequently transmitting data in a relatively small 
area, the sound waves may have overlapped, i.e. tag collision, causing inaccuracies (Binder 
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et al. 2016), or there may have been issues with unknown factors such as thermoclines 
interfering with sound wave propagation. 
7.4.2. Home ranges 
Austropotamobius pallipes may have very small home ranges, and their precise movements 
and activity patterns may be too small and therefore the potential error in detection too large, 
to accurately detect with acoustic telemetry in its current form.  In another acoustic telemetry 
study of trout within Lake Huron in North America analysed by Vemco, there was also 
considerable spatial and temporal variability with the synctag data being transmitted from the 
hydrophone array.  This may have been due to the difference in depths of the hydrophone 
receivers, or due to the large number of fish present (Binder et al. 2016).  Binder et al. 
(2016) acknowledged that there would be benefit in setting up a pilot study, with tags at 
known locations, so that the variability of data received could be tested during different 
times.  This would enable the effect of different environmental effects to be assessed such 
as spawning, temperature changes, aquatic activity, visibility and weather (Binder et al. 
2016).  What can be seen from my data set is that, during the study period, all 12 crayfish 
generally stayed around the area where they were released and within the vicinity of the 
originally release site when the ark site was set up in 2009. 
By looking at the data set of the four crayfish (cray9 - 12) released approximately 200 m 
from their original capture site, it is evident that they remained within their area of release.  
They did not exhibit homing behaviour and return back to the site where they were originally  
caught.  This is consistent with the study by Robinson et al. (2000), who studied 18 tagged 
crayfish and tracked them for up to four weeks.  They put eight crayfish into different novel 
locations: four males upstream and two males and two females downstream of where they 
were originally caught.  None of the eight crayfish returned to their original site and showed 
no site fidelity or homing instinct. 
7.4.3. Crayfish activity 
Crayfish activity patterns significantly varied throughout each 24-hour period, with crayfish 
being most active (40%) nocturnally during 21:00-03:00 and least active diurnally between 
9:00-15:00 (13%).  Activity then steadily increased from 15:00 (25%) up until 21:00 and 
steadily decreased from 03:00-09:00.  This was consistent for all crayfish both males and 
females.  This was the same pattern throughout all four seasons, despite the fact that the 
timing of dawn and dusk varied throughout the year.  Nocturnal activity is expected as it 
reduces potential predation from other aquatic species that use vision for hunting.  The 
results are supported by a radio telemetry study where 18 A. pallipes were tagged and 
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tracked for up to four weeks during summer.  The crayfish were significantly more active at 
dusk (21:00-00:00) than at dawn (06:00-09:00), morning or afternoon (Robinson et al. 2000).  
Barbaresi & Gherardi, (2001) carried out active counts of A. pallipes for two days in March, 
May, July, and December, within a 150 km stretch of stream, and found that large crayfish 
(carapace length > 35 m) were more active at night in spring and at dusk in autumn.  Night  
time activity was highest in spring and autumn and lowest in winter.  In the laboratory, A. 
pallipes activity increased with temperature.  This nocturnal behaviour has been seen in 
other crayfish species such as A. astacus and A. leptodactylus (Lozan, 2000; Musil et al. 
2010) and P. clarkii (Gherardi et al. 2000).  However, laboratory studies have shown that P. 
leniusculus is fairly active diurnally.  Musil et al. (2010), found that O. limosus was both 
diurnally and nocturnally active, which was supported in studies by Lozan, (2000) and Buřič 
et al. (2009b).  Significant diurnal activity has also been seen in A. gouldi (Webb & 
Richardson, 2004). 
Activity patterns of the A. pallipes changed throughout the day and seasonally and were 
variable between the sexes and crayfish individuals.  Females showed more variability in 
their activity patterns both daily and seasonally and were on average more active than males 
over each time period of the day and significantly more active than males in springtime when 
compared to male summer activity levels.  This is in contrast to a previous radio-telemetry 
study where no difference in activity levels between sexes in A. pallipes was found 
(Robinson et al. 2000).  In other crayfish species, such as A. astacus (Musil et al. 2010), P. 
leniusculus (Bubb et al. 2002) and O. rusticus (Byron & Wilson, 2001), there was also no 
difference in male and female activity.  However, in a laboratory study with O. limosus, 
females were more active than males (Musil et al. 2010).  Females were, on average more 
active in spring than in autumn and summer1, (with no difference in activity between autumn 
and winter).  Males were more active in autumn and winter than in summer (with no 
difference in activity levels between spring, autumn and winter).  Spring activity may be 
relatively high in females due to increased activity after winter foraging in preparation for the 
eggs to hatch.  When the eggs hatch they may leave their refuges more frequently in order 
to increase the aeration to the youngsters.  When the hatchlings leave the females they will 
need to feed and moult and so will increase their feeding to compensate for the hatching 
period when feeding was inhibited.  In summer, activity may be reduced in both sexes as 
there is no moulting activity and the hatchlings have left the female.  Autumn activity was 
greater than summer activity probably because autumn is the breeding season when 
crayfish are looking for mates and then mating and laying eggs.  Females are less active 
than males in autumn and winter.  In autumn females may conceal themselves once they 
have mated and are berried, whereas males will continue to search for females to mate with.  
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In winter males are only slightly more active than females.  In a previous study on A. 
pallipes, no differences in activity were found between sexes.  Crayfish were more abundant 
in summer than in spring, autumn and winter and crayfish activity increased with 
temperature (Barbaresi & Gherardi, 2001). 
The surprising finding was that crayfish were still relatively active during winter months, 
despite lower temperatures.  This suggests that A. pallipes are not as dormant and inactive 
in winter and that they may still forage and move around.  This is contrast to findings from a 
radio-tracking study with 20 P. leniusculus, where activity decreased in winter and this was 
attributed to the decrease in temperature at that time of year (Bubb et al. 2002). 
 
7.5. Conclusions 
Acoustic telemetry is possible with A. pallipes; however, there were problems using the 
system to determine spatial movements within a still-water quarry site possibly because it 
was conducted in too small an area with too many signals or because there was some other 
unknown interference happening.  This technique can potentially provide a more continuous 
data set than with radio telemetry, which is intermittent over a shorter period of time.  
Despite the spatial inaccuracies it was evident that the four crayfish that were released 200 
m away from their trapped location did not attempt to return and showed no homing 
behaviour.  Assuming that signal loss is related to refuge use, I could infer activity patterns; 
as predicted, A. pallipes is strongly nocturnal but activity patterns vary considerably among 
individuals, seasons and between the sexes.  Future studies should investigate the seasonal 















Captive breeding for wild-supplementation can be an effective tool to halt or reverse the 
decline of threatened species.  The aim of this thesis was to explore how wild-
supplementation can be applied to the native white-clawed crayfish Austropotamobius 
pallipes, identifying and addressing major knowledge gaps.  These gaps fall into two main 
areas; i) rearing of sufficient number of animals successfully and ii) survival of those animals 
in the wild.  The work focuses primarily on different aquaculture techniques, within an ex-
situ, small-scale, closed-circuit aquaculture facility, to maximise production of captive-born A. 
pallipes for successful wild release.  The research was based on five years of previous pilot 
studies and captive-breeding trials that came from the formation of the South West Crayfish 
Partnership (SWCP), which established A. pallipes captive-breeding as one of the key 
elements of its conservation strategy (Nightingale et al. 2019). 
One of the key aims of my thesis was to determine baselines for key husbandry elements 
that need to be understood for successful A. pallipes aquaculture.  In the first part of my 
thesis, I investigated optimising aquaculture techniques for A. pallipes by exploring density, 
grading and feeding regimes in order to maximise the amount of healthy robust crayfish 
produced.  Prior to my studies, there was a fairly limited amount of research available on A. 
pallipes aquaculture and considerable variability in the literature for other astacid crayfish 
species.  The first aquaculture element that I investigated was density.  There were no 
known studies on optimal density regimes for A. pallipes; studies exploring feeding and 
refuge preference in juvenile A. pallipes used very variable densities for example between  
500/m2 (Policar et al. 2010) and 50/m2 (Sáez-Royuela et al. 2001).  Density studies for other 
astacid species show considerable variability in the accepted density for juvenile rearing 
(Savolainen et al. 2004; Harlioğlu, 2009; González et al. 2010).  I proved that A. pallipes 
hatchlings can be reared at relatively high densities of 300/m2 without growth and survival 
being compromised.  However, it was evident from my density study, that there was a 
significant size variation in crayfish brood-stock groups reared under the same conditions 




Therefore the findings from my density study led on to my second aquaculture element, 
exploring size-grading in juveniles and rearing the crayfish in single-sex, size-graded groups 
to ascertain if this would be a more effective way of rearing young-of-the-year A. pallipes.  
There are no known published studies that have found interspecific sex differences in 
dominance hierarchies or growth within juvenile, young-of-the-year crayfish and no known 
studies investigating juvenile sexual dimorphism and social dominance within A. pallipes or 
other astacid species.  Studies with the more aggressive, cambarid crayfish species P. 
clarkii, showed that dominance hierarchies formed in juveniles (Herberholz et al. 2000; Issa 
et al. 2000; Sato et al. 2012).  However, there were discrepancies in studies exploring 
dominance hierarchies in adult P. leniusculus.  In two studies the adult females were 
dominant over males (Momot & Leering, 1986; Sippel et al. 1995), whereas Nakata & 
Goshima, (2003) found the converse.  Studies with adult cambarid crayfish were consistent 
in that males were dominant over females (Rodgers et al. 2006; Wang et al. 2014).  What 
was very surprising  and evident from my studies was that sexual dimorphism begins prior to 
sexual maturity, as early as six-months of age, and that males are more aggressive and 
dominant than the females, even as juveniles. 
The third aquaculture element of my studies investigated, different dietary regimes for 
rearing hatchling and juvenile crayfish.  I wanted to establish if there were alternatives to 
expensive and time-consuming live Artemia nauplii food production for hatchlings such as 
utilising decapsulated Artemia eggs or crayfish-specific pellet feeds.  I was curious whether 
coating feeds in agar gel may help preserve the food for longer, which I thought may be 
important for an intermittent feeder.  Feeding studies with A. pallipes were limited and this 
species had not been tested with crustacean-specific pellet feeds, plankton or gel diets.  
Studies with other astacid species suggested that crustacean-specific pellet diets can 
provide high survival rates even during the critical first few weeks, post-hatching (González 
et al. 2009).  In contrast, my studies indicate that the best hatchling survival and growth is 
achieved with a live food and plankton diet, whilst for juvenile A. pallipes a plankton plus 
vegetable diet is beneficial.  Juvenile growth and survival were greater than with any of the 
other diets trialled. 
The aquaculture findings from my studies have had important implications for how we run 
crayfish hatcheries, and we have now altered our regimes at Bristol Zoo Gardens to 
maximise production.  Space is at high premium in a small-scale hatchery facility and 
therefore it was imperative to understand how many crayfish could be reared together and at 
what point they would need to be thinned out before aggression from tank-mates became an 
issue.  We now confidently rear our hatchlings at relatively high densities; however, we have 




single-sex, size-graded groups; once the individuals can be reliably sexed and are more 
robust, after the early critical life stages, post-hatching.  We have also improved our feeding 
regime.  We continue to produce live Artemia nauplii for the hatchling crayfish but have also 
removed the pellet component of the diet, in later age-classes, focussing on a larger variety 
of enriched plankton and vegetable-based diets for all crayfish housed.  Within the Bristol 
Zoo crayfish hatchery this has increased both survival rate and growth of all age-cohorts 
held.  We can house more brood-stock and produce larger numbers of robust A. pallipes for 
wild release.  This in turn has meant that captive-born females are now at a size when they 
can breed in the second year of life and approximately 70% of the 16-month females are 
mating and producing viable eggs.  This is in contrast to wild populations where females 
mature at between 3-4 years of age (Reynolds, 2002). 
The aim of the second part of my thesis was to evaluate what happens once the captive-
bred crayfish are released.  I wanted to explore the reintroduction process of crayfish 
conservation in a little more detail; does captive-breeding for release really work?  One of 
the most effective ways to evaluate reintroduction success is to individually permanently tag 
animals, prior to release, so that they can be tracked long-term.  This helps to inform us as 
to how quickly a population recruits and grows and how the species colonises and utilises 
available habitats.  Being able to monitor released crayfish individuals has great potential in 
terms of assessing population structure and viability long-term.  By assessing how A. 
pallipes faired over an entire year when injected with passive integrated transponder (PIT)-
tags ex-situ, would help to justify if this species could be safely tagged, prior to release.  
There were again limited studies available.  No long-term tagging studies existed for A. 
pallipes, which is a less-robust, more delicate species than many other crayfish species.  
There was also no literature available on the minimum size that A. pallipes could be safely 
tagged. In other astacid crayfish species, there were no long-term studies on the effects of 
PIT-tagging on survival and growth; the longest study was for 6-months with P. leniusculus, 
(Bubb et al. 2002).  Studies on P. lenisculus suggest that the safe minimum size for tagging 
is 30 mm carapace length (Bubb et al. 2002).  This was supported by a study with O. 
compressus, which found that there was significant mortality when tagging with 8 mm tags at 
a carapace below 23 mm (Black et al. 2010).  My study demonstrated that sub-adult A. 
pallipes could be tagged, i.e. at a carapace length of 21 mm or above, without survival or 
growth being compromised.  In the second part of the chapter, I explored the detection range 
of A. pallipes once tagged; there was no literature available on this element.  When I 
investigated detection rates I found that even when larger tags (12 mm) were used, the 
crayfish were not easy to detect, when hidden within refuges such as bricks or under slate.  




PIT-tagged crayfish remotely, in-situ, using antennae was not a reliable tracking method and 
that animals needed to be recaptured again in order for them to be easily identified.  
The PIT-tagging research has been pivotal to the wild release element of our crayfish 
conservation programme and how we manage and structure our releases and in turn how 
we structure the hatchery.  It has meant that we can now confidently tag sub-adult crayfish, 
prior to release.  Since this study, we have released over 700 PIT-tagged crayfish, into ark 
sites, which are now part of long-term monitoring programmes.  The follow-on effect is that 
we also keep the crayfish in captivity for longer, until they have reached a taggable size.  We 
have continued with hatchery trials and can now safely tag A. pallipes at a minimum size of 
18 mm carapace length.  Consequently, this means that they are now slightly larger than the 
size we previously released them at and subsequently they are less prone to predation. 
 
Prior to this research we were releasing untagged young-of-the-year crayfish in the following 
spring after they hatched and at a size of < 18 mm.  By keeping them until they are at a size 
large enough to be tagged, it means that they are released in two batches.  The first release 
takes place with the larger young-of-the-year crayfish in spring and the second batch of one-
year-olds are released in the autumn, just prior to the breeding season (late October).  By 
releasing a second cohort, later in the year, the crayfish should still be in relatively close 
proximity to one another as the breeding season approaches.  Therefore, they should be 
able to locate each other more easily as they will have had less time to disperse throughout 
the river or pond site.  This new phased release model, which we have implemented at the 
Bristol Zoo crayfish hatchery, is proving very effective. 
 
The fact that we could not reliably track crayfish using PIT tags and antennae led me on to 
the final investigation where I looked at trying to track crayfish remotely within an ark site 
using passive acoustic telemetry.  Passive acoustic telemetry has the advantage over radio 
telemetry that has been used previously on this species (Bubb, 2002; Robinson et al. 2009) 
in that activity can be monitored continuously over an extended time period.  There were 
also no previous studies using acoustic telemetry on his species; radio tracking and PIT-
tagging only provide snapshots into their activity and behaviour.  My telemetry study is the 
first continual, long-term activity data set for A. pallipes and has provided a useful insight into 
how they utilise an ark site.  Tagging of the crayfish with acoustic telemetry tags proved 
successful, and four of the 12 crayfish were still transmitting data at the end of the year.  
However, there was a major issue with the system in the freshwater quarry and the location 
data was unreliable possibly due to reflective issues.  I could determine that A. pallipes does 




during the year.  Monitoring activity proved more successful: I illustrated that A. pallipes are 
significantly nocturnal, and that they remain active over the entire year, despite lower 
temperatures in winter, and there are both seasonal and individual variations in activity 
levels. 
My research has effectively changed our rearing and release programme methodology at 
Bristol Zoo Gardens and we have adopted a new model, which is proving very effective.  We 
now release older, tagged crayfish into our ark sites, which in turn allows for long-term 
monitoring of the individuals.  This has enabled us to assess survival and recruitment and 
recapture rate both within still-water and river sites.  Small-sized, young-of-the-year crayfish 
are extremely vulnerable to predation, especially in still-water ark sites, which can be prolific 
breeding grounds for amphibians and predatory aquatic invertebrates such as Odonata 
larvae (Gydemo et al. 1990).  By PIT-tagging all captive-born crayfish, prior to release, we 
ensure that they are of a larger-size prior to release, allowing us to closely monitor 
populations long-term.  This should in turn provide a more in-depth knowledge of crayfish 
survival and fitness at ark sites longer-term.  The acoustic telemetry study has also 
influenced our crayfish release strategy: we understand that during wild releases it is 
important to carefully select the release sites where there is optimal habitat and to release 
large enough groups together as the crayfish may not disperse far. 
 
We understand that the crayfish show remarkable plasticity in response to the changing 
climate and there are reports of A. pallipes living within acidic tarns within Northumberland (I. 
Marshall pers. comm.) and changing its chelaphorax structure within a few moults when 
moved from a lotic to lentic site (Haddaway et al. 2014).  We also know of a few populations 
of A. pallipes within Europe that are now resistant to crayfish plague (Martin-Torrijos et al. 
2017).  Therefore, with the advances in our knowledge and success of captive-breeding of 
this species, we may be able to select and breed for certain characteristics, to ensure its 
long-term survival and this may be an important element of our aquaculture studies in the 
future. 
Natural populations of A. pallipes will not be saved from decline, and potential extinction, 
until invasive crayfish species (and their associated diseases) are controlled.  Invasive 
crayfish species control is a fundamental part of A. pallipes conservation.  Pilot control 
studies such as male sterilisation, genetic manipulation, development of a crustacean-
specific bait-matrix, electrofishing and the introduction of predatory fish may all help to 
reduce the spread of invasion (Manfrin et al. 2019) and further research into this control work 
is a fundamental part of the A. pallipes conservation strategy.  What is of paramount 




whilst trying to control the invasive crayfish issues.  Advances in A. pallipes aquaculture has 
made the use of captive-breeding for supplementation a realistic method to halt the decline 
of this species, especially where local populations are now too small to make wild harvesting 
a realistic option.  Closed-circuit hatcheries have the added advantage of being able to 
produce plague-free, bio-secure captive born crayfish for release.  Such individuals have 
been seen to be more adaptable and less likely to migrate from novel environments than 
their wild-caught translocated counterparts, leading to more successful ark site 
establishment and reduced emigration (Kozak et al. 2011). 
Prior to my study, A. pallipes had a reputation for being notoriously difficult to breed and rear 
and several historic laboratory trials had been masked by other husbandry issues (Gonzalez 
et al. 2011).  Having worked on the captive-breeding of A. pallipes for over ten years, many 
of the key aquaculture issues have been resolved and we have a much better understanding 
of how to effectively produce good quality numbers of robust crayfish for release.  We can 
now achieve a > 80% survival rate from hatching through to release at high density.  One of 
the overarching drivers for this research was so that it could culminate in producing an A. 
pallipes captive-breeding manual for other practitioners, which is now in progress.  
Establishing additional A. pallipes hatcheries is a realistic solution to helping safeguard this 
species whilst river catchment restoration work can progress.  What is evident from our 
conservation efforts for this elusive, keystone species, is that the success of these 
programmes relies on a multi-faceted, coordinated, strategic, landscape-style approach.  
Although several important findings have been made during the course of this thesis there 
still remains much investigation to be done, (e.g. brood-stock diets; breeding regimes, 
plague resistance and refuge preference), to ensure that we optimise A. pallipes productivity 
and our long-term conservation strategy for this species.  We are fortunate that there is an 
extensive international network of passionate crayfish-focussed conservationists that are 
working together, to try and safeguard this species so that future generations can witness 







Abrahamsson, A. (1965).  A method of marking crayfish Astacus astacus (Linneaus) in population 
studies.  Oikos, 16, 228-231. 
Abu-Jafar, M. Z., & Hays-Shahin, C. (1988).  Re-introduction of the Arabian oryx into Jordan.  In A. 
Dixon, & D. Jones (Eds.), Conservation and Biology of Desert Antelopes  (pp. 35–40).  
Christopher Helm Ltd, London, UK. 
Ackefors, H. (2000).  Freshwater crayfish farming technology in the 1990s: a European and global 
perspective.  Fish and Fisheries, 1, 337-359. 
Ahvenharju, T., Savolainen, R., Tulonen, J., & Ruohonen, K. (2005).  Effects of size grading on 
growth, survival and cheliped injuries of signal crayfish (Pacifastacus leniusculus Dana) 
summerlings (age 01).  Aquaculture Research, 36, 857-867. 
Alonso, F., & Martinez, R. (2006).  Shelter competition between two invasive crayfish species: a 
laboratory study.  Bulletin Français de la Pêche de la Pisciculture, 380, 1121-1132. 
Anastácio, P. M., Banha, F., Capinha, C., Bernardo, J. M., Costa, A. M., Teixeira, A., & Bruxelas, S. 
(2015).  Indicators of movement and space use for two co-occurring invasive crayfish 
species.  Ecological Indicators, 53, 171-181. 
Andrews, K. S., Tolimieri, N., Williams, G. D., Samhouri, J. F., Harvey, C. J., & Levin, P. S. (2011).  
Comparison of fine-scale acoustic monitoring systems using home range size of a demersal 
fish.  Marine Biology, 158, 2377−2387. 
Aquiloni, L., Ilhéu, M., & Gherardi, F. (2005).  Habitat use and dispersal of the invasive crayfish 
Procambarus clarkii in ephemeral water bodies of Portugal.  Marine and Freshwater 
Behaviour and Physiology, 38, 225-236. 
Austin, C. M., Jones P.L., Stagnitti, F., & Mitchell, B.D. (1997).  Response of the yabby, Cherax 
destructor Clark, to natural and artificial diets: phenotypic variation in juvenile growth.  
Aquaculture, 149, 39-46. 
Bailey, J. P., & Conolly, A. P. (2000).  Prize-winners to pariahs - A history of Japanese knotweed s.l. 
(Polygonaceae) in the British Isles.  Watsonia, 23, 93-110. 
Barbaresi, S., & Gherardi, F. (2001).  Daily activity of the white-clawed crayfish, Austropotamobius  
pallipes (Lereboullet): A comparison between field and laboratory studies.  Journal of Natural 
History, 35, 1861–1871. 
Barbaresi, S., Santini, G., Tricarico, E., & Gherardi, F. (2004).  Ranging behaviour of the invasive 
crayfish, Procambarus clarkii (Girard).  Journal of Natural History, 38, 2821-2832. 
Bates, D., Maechler, M., Bolker, B., & Walker S. (2015).  Fitting linear mixed-effects models using 
Lme4.  Journal of Statistical Software, 67, 1-48. 
Bengtson, D. A., Léger, P., & Sorgeloos, P. (1991).  Use of Artemia as a food source for 
aquaculture.  Artemia Biology, 11, 255-285. 
Bergman, D., & Moore, P. (2003).  Field observations of intraspecific agonistic behavior of two 
crayfish species, Orconectes rusticus and Orconectes virilis, in different habitats.  Biological 
Bulletin, 205, 26-35. 
  References 
137 
 
Binder, T. R., Holbrook, C. M., Hayden, T. A., & Krueger, C. C. (2016).  Spatial and temporal 
variation in positioning probability of acoustic telemetry arrays: fine-scale variability and 
complex interactions.  Animal Biotelemetry, 4, 4-19. 
Black, T., Herleth-King, S., & Mattingly H. (2010).  Efficacy of internal PIT tagging of small-bodied 
crayfish for ecological study.  Southeastern Naturalist, 9, 257-266. 
Bohl, E. (1999).  Motion of individual noble crayfish Astacus astacus in different biological situations: 
in-situ studies using radio telemetry.  Freshwater crayfish, 12, 677-687. 
Bowser, P. R., & Rosemark, R. (1981).  Mortalities of cultured lobsters, Homarus, associated with a 
moult death syndrome.  Aquaculture, 23, 11-18. 
 
Britton, J. R., Davies, G. D., Brazier, M., & Pinder, A. C. (2007).  A case study on the population 
ecology of a topmouth gudgeon (Pseudorasbora parva) population in the UK and the 
implications for native fish communities.  Aquatic Conservation,17(7), 749. 
 
Brown, O. (2012).  Environment Agency Cyngrig fish culture unit captive breeding of white-clawed 
crayfish.  In J. Nightingale, & M. Ivey, (Eds.), White-clawed crayfish captive breeding 
workshop.  Proceedings of a conference held on October 3rd 2011, Bristol, UK (pp. 49-55).  
Bristol Zoological Society, Bristol, UK. 
Bubb, D., Lucas, M, Thom, T., & Rycroft, P. (2002).  The potential use of PIT telemetry for 
identifying and tracking crayfish in their natural environment.  Hydrobiologia, 483, 225-230. 
Bubb, D., Thom, T., & Lucas M. (2006).  Movement patterns of the invasive signal crayfish 
determined by PIT telemetry.  Canadian Journal of Zoology, 84, 1202-1209. 
Bubb, D., Thom T., & Lucas M. (2008).  Spatial ecology of the white-clawed crayfish in an upland 
stream and implications for the conservation of this endangered species.  Aquatic 
Conservation, 18, 647-657. 
Buřič, M., Kozák, P., & Vich, P. (2008).  Evaluation of different marking methods for spiny-cheek 
(Orconectes limosus).  Knowledge and Management of Aquatic Ecosystems, 389, 2-8. 
Buřič, M., Kozák, P., & Kouba, A. (2009a).  Movement patterns and ranging behaviour of the 
invasive spiny-cheek crayfish in a small reservoir tributary.  Fundamental and Applied 
Limnology, 174, 329-337. 
Buřič, M., Kouba, A., & Kozák, P. (2009b).  Spring mating period in Orconectes limosus: the reason 
for movement.  Aquatic Sciences, 71, 473. 
Buřič, M., Fořt, M., Bláha, M., Veselý, L., Kozák, P., & Kouba, A. (2016).  Crayfish bury their own 
exuviae: a newly discovered behavioral pattern in decapods.  SpringerPlus, 5(1), 1674. 
Burnett, N., Stamplecoskie, J., Thiem X., & Cooke S. (2013).  Comparison of detection efficiency 
among three sizes of half-duplex passive integrated transponders using manual tracking and 
fixed antenna arrays.  North American Journal of Fisheries Management, 33, 7-13. 
Burnham, K., Anderson, D., & Huyvaert, K. (2011).  AIC model selection and multimodel inference 
in behavioural ecology: some background, observations, and comparisons.  Behavioral 
Ecology and Sociobiology, 65, 23-35. 
Byron, C. J., & Wilson, K. A. (2001).  Rusty crayfish (Orconectes rusticus) movement within and 
between habitats in Trout Lake, Vilas County, Wisconsin.  Journal of the North American 
Benthological Society, 20, 606–614. 
  References 
138 
 
Caprioli, R., Garozzo, P., Giansante, C., & Ferri, N. (2014).  Reproductive performance in captivity 
of Austropotamobius pallipes in Abruzzi Region (central Italy).  Invertebrate Reproduction & 
Development, 58, 89-96. 
Carral, J. M., Celada, J. D., Gonzalez, J., Saez-Royuela, M., & Gaudioso, V. R. (1994).  Mating and 
spawning of freshwater crayfish (Austropotamobius pallipes Lereboullet) under laboratory 
conditions.  Aquaculture and Fisheries Management, 25, 721-727. 
Carral, J., González, A., Celada, J., Sáez-Royuela, M., Garcia, V., & González, R. (2011).  Proposal 
of a practical diet for juvenile astacid crayfish studies from the onset of exogenous feeding 
under controlled conditions.  Knowledge and Management of Aquatic Ecosystems, 401, 20-
28. 
Carral, J. M., Saez-Royuela, M., Celada, J. D., Perez, J. R., Melendre, P. M., & Aguilera, A. (2003).  
Advantages of newly developed techniques for the artificial reproduction of white-clawed 
crayfish (Austropotamobius pallipes Lereboullet).  Bulletin Francais de la Pêche et de la 
Pisciculture, 370-371, 179-182. 
Celada, J. D., Carral, J. M., & González, J. (1991).  A study on the identification and chronology of 
the embryonic stages of the freshwater crayfish Austropotamobius pallipes (Lereboullet, 
1858).  Crustaceana, 61, 225-232. 
Celada, J. D., Fuertes, J. B., Carral, J. M., Sáez-Royuela, M., González, Á., & González Rodríguez, 
Á. (2012).  Effects of vitamin C inclusion in practical diets on survival and growth of juvenile 
crayfish (Pacifastacus leniusculus Dana, Astacidae) from the onset of exogenous feeding.  
Aquaculture Nutrition, 20, 213-218. 
Chadwick, D. (2018).  Invasion of the signal crayfish, Pacifastacus leniusculus, in England: 
implications for the conservation of the white-clawed crayfish, Austropotamobius pallipes.  
PhD thesis.  University College London, UK. 
Chytrý, M., Lindsay, C., Maskell, L. C., Pino, J., Pysek, P., Montserrat Vilà, X., & Smart, S. M. 
(2008).  Habitat invasions by alien plants: a quantitative comparison among Mediterranean, 
subcontinental and oceanic regions of Europe Milan.  Journal of Applied Ecology, 45, 448–
458. 
Coccia, E., Santagata, G., Malinconico, M., Volpe, M. G., Di Stasio, M., & Paolucci, M. (2010).  
Cherax albidus juveniles fed polysaccharide-based pellets: rheological behaviour effect on 
growth.  Freshwater Crayfish, 17, 13-18. 
Cox, S., & Johnston, D. (2003).  Feeding biology of spiny lobster larvae and implications for culture.  
Reviews in Fisheries Science 11, 89–106. 
 
Crandall, K. A., & Buhay, J. E. (2008).  Global diversity of crayfish (Astacidae, Cambaridae, and 
Parastacidae-Decapoda) in freshwater.  Hydrobiologia, 595, 295–301. 
Curtis, M., & Jones, C. (1995).  Observations on monosex culture of redclaw crayfish Cherax 
quadricarinatus (Decapoda: Parastacidae) in earthen ponds.  Journal of the World 
Aquaculture Society, 26, 154-159. 
Daane, K. M., Malakar-Kuenen, R. D., & Walton, M. V. (2004).  Temperature-dependent 
development of Anagyrus pseudococci (Hymenoptera: Encyrtidae) as a parasitoid of the 
vine mealybug, Planococcus ficus (Homoptera: Pseudococcidae).  Biological Control, 31, 
123-132. 
  References 
139 
 
Daněk, T., Musil, J., Vlašánek, P., & Andersen, O. (2018).  Telemetry of co-occurring noble crayfish 
(Astacus astacus) and stone crayfish (Austropotamobius torrentium): diel changes in 
movement and local activity.  Fundamental and Applied Limnology, 19, 339-352. 
Daniels, W., & D’Abramo, L. (1994).  Pond production characteristics of freshwater prawns 
Macrobrachium rosenbergii as influenced by the stocking of size-graded populations of 
juveniles.  Aquaculture, 122, 33-45. 
Davis, K. M., & Huber, R. (2007).  Activity and behavioural repertoires and agnostic interactions of 
crayfish.  A non-manipulative field study.  Behaviour, 144, 229-247. 
DeCelles, G., & Zemeckis, D. (2014).  Acoustic and radio telemetry. In Stock identification methods 
(pp. 397-428).  Academic Press, Massachusetts, USA. 
Defra, (2015).  The Great Britain invasive non-native species strategy.  Defra, London, UK.  
www.gov.uk/government/publications. 
Demers, A., Lucey, J., Mcgarrigle, M. L., & Reynolds, J. D. (2005).  The distribution of the white-
clawed crayfish, Austropotamobius pallipes, in Ireland.  Biology & Environment Proceedings 
of the Royal Irish Academy,105, 65-69. 
Dorazio, R. M., & Price, M. (2019).  State-space models to infer movements and behaviour of fish 
detected in a spatial array of acoustic receivers.  Canadian Journal of Fisheries and Aquatic 
Sciences, 76, 543-550. 
Dyson, C. (2008).  Core management plan (including conservation objectives) for River Wye Special 
Area of Conservation.  Bangor: Countryside Council for Wales, Wales. 
 
Ehrenfeld, G. (2010).  Ecosystem consequences of biological invasion.  Annual Review of Ecology, 
Evolution, and Systematics, 41, 59-80. 
Ellis, A. (2014).  ‘Claws for thought – Invasive non-native crayfish in the UK’.  CIEEM In Practice: 
Freshwater Ecology, 84, 34-36  
Evans, L., & Jussila, J. (1997).  Freshwater crayfish growth under culture conditions: proposition for 
a standard reporting approach.  Journal of World Aquaculture Society, 28, 11-19. 
Evans, I. M., Dennis, R. H., Orr-Ewing, D. C., Kjellen, N., Andersson, P. O., Sylven, M., & Carbo, F. 
C. (1997).  The re-establishment of red kite breeding populations in Scotland and England.  
British Birds, 90, 123-138. 
Evans, R. J., Wilson, J. D., Amar, A., Douse, A., Maclennan, A., Ratcliffe, N., & Whitfield, D. P. 
(2009).  Growth and demography of a re‐introduced population of white‐tailed eagles 
Haliaeetus albicilla.  Ibis, 151, 244-254. 
Faulkes, Z. (2017).  Slipping past the barricades: the illegal trade of pet crayfish in Ireland. In 
Biology and Environment:  Proceedings of the Royal Irish Academy (Vol. 117, No. 1, pp. 15-
23). Royal Irish Academy. 
Fetzner, J. W. J., & Crandall, K. A. (2001).  Genetic variation.  In D. M. Holdich (Ed.), In Biology and 
Freshwater Crayfish (pp. 291–326).  Blackwell Science, Oxford, UK. 
Figureiel, C., Babb, J., & Payne, J. (1991).  Population regulation in young of the year crayfish 
Procambarus clarkii (Girard, 1852) (Decapoda: Cambaridae).  Crustaceana, 61, 301-307. 
Figureiel, C., & Miller, G. (1995).  The frequency of chela autotomy and its influence on the growth 
and survival of the crayfish Procambarus clarkii (Girard 1852) (Decapoda Cambaridae).  
Crustaceana, 68, 472-483. 
  References 
140 
 
Figureler, M. H., Blank, G. S., & Peeke, H. V. (2005).  Shelter competition between resident male 
red swamp crayfish Procambarus clarkii (Girard) and conspecific intruders varying by sex 
and reproductive status.  Marine and Freshwater Behaviour and Physiology, 38, 237-248. 
Figureueiredo, M., & Anderson, A. (2003).  Ontogenetic changes in digestive proteases and 
carbohydrases from the Australian freshwater crayfish, redclaw Cherax quadricarinatus 
(Crustacea, Decapoda, Parastacidae).  Aquaculture Research, 34, 1235-1239. 
Føre, M., Alfredsen, J. A., & Gronningsater, A. (2011).  Development of two telemetry-based 
systems for monitoring the feeding behaviour of Atlantic salmon (Salmo salar L) in 
aquaculture sea-cages.  Computers and electronics in agriculture, 76, 240-251. 
Foster, J. (1998).  Monitoring freshwater crayfish stocks in Great Britain.  In T. Taugbol (Ed.), 
Nordic-Baltic Workshop on Freshwater Crayfish Research and Management, (pp. 91-104). 
Norway. 
Franke, R., Wessels, S., & Horstgen-Schwark, G. (2013).  Enhancement of survival and growth in 
crowded groups: the road towards an intensive production of the noble crayfish Astacus 
astacus L. in indoor recirculation systems.  Aquaculture Research, 11, 451-461. 
Füreder, L., Gherardi, F., Holdich, D., Reynolds, J., Sibley, P., & Souty-Grosset, C. (2010).  
Austropotamobius pallipes.  In The IUCN Red List of Threatened Species 2010: International 
Union for Conservation of Nature.  Gland, Switzerland, and Cambridge, UK. 
García-Guerrero, M., Racotta, I. S., & Villarreal, H. (2003). Variation in lipid, protein, and carbohydrate content 
during the embryonic development of the crayfish Cherax quadricarinatus (Decapoda: 
Parastacidae). Journal of Crustacean Biology, 23(1), 1-6. 
Geerts, A. N., Boets, P., Van den Heede, S.,Goethals, P., & Van der Heyden, C. (2018).  A search 
for standardized protocols to detect alien invasive crayfish based on environmental DNA 
(eDNA): a lab and field evaluation.  Ecological Indicators, 84, 64-572. 
Genovesi, P., Carnevali, L., & Scalera, R. (2015).  The impact of invasive alien species on native 
threatened species in Europe.  Technical report for the European Commission.  European 
Environment Agency, Denmark. 
Gherardi, F., Acquistapace, P., & Santini, G. (2004).  Food selection in freshwater omnivores: a 
case study of crayfish Austropotamobius pallipes.  Archiv fur Hydrobiologie 159, 357–376. 
Gherardi, F., Aquiloni, L., Diéguez-Uribeondo, J., & Tricarico, E. (2011).  Managing invasive 
crayfish: is there a hope?  Aquatic Sciences, 73, 185–200. 
Gherardi, F., Barbaresi, S., & Villanelli, F. (1998).  Movement patterns of white-clawed crayfish, 
Austropotamobius pallipes, in a Tuscan stream.  Journal of Freshwater Ecology, 13, 413-
424. 
Gherardi, F., Barbaresi, S., & Salvi, G. (2000).  Spatial and temporal patterns in the movement of 
Procambarus clarkii, an invasive crayfish.  Aquatic Sciences, 62, 179-193. 
Gherardi, F., Tricarico, E., & Ilhéu, M. (2002).  Movement patterns of an invasive crayfish, 
Procambarus clarkii, in a temporary stream of southern Portugal.  Ethology Ecology & 
Evolution, 14, 183-197. 
Ghia, D., Fea, G., Spairani, M., Bernini, F., & Nardi, P. A. (2009).  Movement behaviour and shelter 
choice of the native crayfish Austropotamobius pallipes complex: survey on a population in a 
semi-natural pond in Northern Italy.  Marine and Freshwater Biology and Physiology, 42, 
167-185. 
  References 
141 
 
Gibbons, W. J., & Andrews, K. M. (2004).  PIT tagging: simple technology at its best.  Bioscience, 
54, 447-454. 
Goessmann, C., Hemelrijk, C., & Huber, R. (2000).  The formation and maintenance of crayfish 
hierarchies: behavioural and self-structuring properties.  Behavioural Ecology and 
Sociobiology, 48, 418-428. 
González, A., Celada, J. D., González, R., García, V., Carral J. M., & Sáez-Royuela, M., (2008).  
Artemia nauplii and two commercial replacements as dietary supplement for juvenile signal 
crayfish, Pacifastacus leniusculus (Astacidae), from the onset of exogenous feeding under 
controlled conditions.  Aquaculture, 281, 83–86. 
González, R., Celada, J., González, A., Garcia, V., Carral, J., & Sáez-Royuela, M. (2009a).  
Stocking density for the intensive rearing of juvenile crayfish, Pacifastacus leniusculus 
(Astacidae), using Artemia nauplii to supplement a dry diet from the onset of exogenous 
feeding.  Aquaculture International, 18, 371-378. 
González, R., Celada, J., Carral, J., González, A., Sáez-Royuela, M., & García, V. (2009b).  
Decapsulated Artemia cysts as dietary supplement for juvenile crayfish (Pacifastacus 
leniusculus, Astacidae) at different food supply frequencies from the onset of exogenous 
feeding under controlled conditions.  Aquaculture, 295, 200-204. 
González, R., Celada, J., González, A., Garcia, V., Carral, J., & Sáez-Royuela, M. (2010).  Stocking 
density for the intensive rearing of juvenile crayfish, Pacifastacus leniusculus (Astacidae), 
using Artemia nauplii to supplement a dry diet from the onset of exogenous feeding.  
Aquaculture International, 18, 371–378. 
González, R., Celada, J., Carral, J., Garcia, V., Sáez-Royuela, M., & González, A. (2011a).  
Additional supply of decapsulated Artemia cysts for various periods in intensive rearing of 
juvenile crayfish (Pacifastacus leniusculus, Astacidae).  Knowledge and Management of 
Aquatic Ecosystems, 401, 1-7. 
González, R., Celada, J., Carral, J., Garcia, V., Sáez-Royuela, M., & González, A. (2011b).  
Intensive rearing of juvenile crayfish (Pacifastacus leniusculus, Astacidae) during the first 6 
months: effects of size grading.  Aquaculture Research, 42, 1385-1392. 
González, Á., Celada, J. D., Sáez-Royuela, M., González, R., Carral, J. M., & García, V. (2012).  
Response of juvenile astacid crayfish (Pacifastacus leniusculus) to three commercial dry 
diets with different protein levels during the first 6 months of intensive rearing.  Aquaculture 
Research, 43, 99-105. 
 
Gotteland, P. (2013).  Test of injectable elastomer tags on white-clawed crayfish Austropotamobius 
pallipes (Lereboullet).  Freshwater Crayfish, 19, 45-51. 
Green, N., Bentley, M., Stebbing, P., Andreou, D., & Britton, R. (2018).  Trapping for invasive 
crayfish: comparisons of efficacy and selectivity of baited traps versus novel artificial refuge 
traps.  Knowledge & Management of Aquatic Ecosystems, 419, 15. 
Greenaway, P. (1985).  Calcium balance and moulting in the Crustacea.  Biological Reviews, 60, 
425-454. 
Guan, R. (1997).  An improved method for marking crayfish.  Crustaceana, 70, 641-652. 
Gunnes, K. (1976).  Effect of size grading young Atlantic salmon (Salmo salar) on subsequent 
growth.  Aquaculture, 9, 381- 386. 
  References 
142 
 
Gydemo, R., Westin, L., & Nissling, A. (1990).  Predation on larvae of the noble crayfish, Astacus 
astacus L.  Aquaculture, 86, 155-161. 
Haddaway, N., Mortimer, R., Christmas, M., & Dunn A. (2010).  A review of marking techniques for 
crustacea and experimental appraisal of electric cauterisation and visible implant elastomer 
tagging for Austropotamobius pallipes and Pacifastacus leniusculus.  Freshwater Crayfish, 9, 
55-67. 
Haddaway, N. R. (2012).  Morphological diversity and phenotypic plasticity in the threatened British 
white‐clawed crayfish (Austropotamobius pallipes).  Aquatic Conservation Marine and 
Freshwater Ecosystems, 22, 220-231. 
Hammer, H. S., Bishop, C. D., & Watts, S. A. (2000).  Activities of three digestive enzymes during 
development in the crayfish Procambarus clarkii (Decapoda).  Journal of Crustacean 
Biology, 20, 614–620. 
Harlioğlu, M. M., & Harlioğlu, G. (2004).  The harvest of freshwater crayfish, Astacus leptodactylus 
(Eschscholtz, 1823) in Turkey.  Reviews in Fish Biology and Fisheries, 14, 415–419. 
Harlioğlu, M. (2009).  A comparison of the growth and survival of two freshwater crayfish species, 
Astacus leptodactylus (Eschscholtz) and Pacifastacus leniusculus (Dana), under different 
temperature and different temperature and density regimes.  Aquaculture International, 17, 
31-43. 
Harpaz, S., Kahan, D., Galun, R. & Moore, I. (1987).  Response of freshwater prawn 
Macrobrachuim rosenbergii to chemical attractants.  Journal of Chemical Ecology, 13, 1957–
1965. 
 
Harrison, M., Hoover, T., & Richardson, J. (2006).  Agnostic behaviours and movement in the signal 
crayfish, Pacifastacus leniusculus: can dominance interactions influence crayfish size-class 
distributions in streams?  Canadian Journal of Zoology, 84, 1495-1504. 
Herberholz, J., McCurdy, C., & Edwards, D. (2007).  Direct benefits of social dominance in juvenile 
crayfish.  Biological Bulletin, 213, 21-27. 
Holdich, D. M., & Reeve, I. D. (1991).  Distribution of freshwater crayfish in the British Isles, with 
particular reference to crayfish plague, alien introductions and water quality.  Aquatic 
Conservation Marine and Freshwater Ecosystems, 1, 139-158. 
Holdich, D. M, Reynolds, J. D., Souty-Grosset, C., & Sibley, P. J. (2009).  A review of the ever 
increasing threat to European crayfish from non-indigenous crayfish species.  Knowledge 
and Management of Aquatic Ecosystems, 11, 394-395. 
Hollows, J., Townsend, C. R., Collier, K. & (2002).  Diet of the crayfish Paranephrops zealandicus in 
bush and pasture streams: Insights from stable isotopes and stomach analysis.  New 
Zealand Journal of Marine and Freshwater Research, 36, 129-142. 
Hua, X. M., Shui, C., He, Y. D., Xing, S. H., Yu, N., Zhu, Z. Y., & Zhao, C. Y. (2015).  Effects of 
different feed stimulants on freshwater crayfish (Procambarus clarkii), fed diets with or 
without partial replacement of fish meal by biofeed.  Aquaculture Nutrition, 21, 113-120. 
Hudina, S., Maguire, I., & Klobu, G. I. V (2008).  Spatial dynamics of the noble crayfish (Astacus 
astacus, L.) in the Paklenica National Park.  Knowledge and Management of Aquatic 
Ecosystems, 388, 1-12. 
  References 
143 
 
Hwang, B. K., & Shin, H. O. (2010).  Movement range and behavior of acoustic tagged abalone 
(Haliotis discus hannai) in Jeonnam marine ranch.  Bulletin of the Korean Society of 
Fisheries Technology, 46, 232-238. 
Huner, J. V. (1994).  Cultivation of freshwater crayfishes in North America. Section I. Freshwater 
Crayfish Culture.  In J. V. Huner, & C. W. Jeske, (Eds.)  Freshwater Crayfish Aquaculture in 
North America, Europe, and Australia.  Families Astacidae, Cambaridae, and Parastacidae 
(pp. 5-89).  Haworth Press. Binghamton, New York, USA. 
Issa, F., Adamson, D., & Edwards, D. (1999).  Dominance hierarchy formation in juvenile crayfish, 
Procambarus clarkii.  Journal of Experimental Biology, 202, 3497–3506. 
IUCN, S. (2013).  Guidelines for reintroductions and other conservation translocations.  IUCN SSC 
Re-Introduction Specialist Group.  IUCN, Gland, Switzerland. 
Juell, J. E., & Westerberg, H. (2011).  An ultrasonic telemetric system for automatic positioning of 
individual fish use to track Atlantic salmon (Salmo salar L.) in a sea cage.  Aquaculture 
Engineering, 12, 1-18. 
Jin, S., Jacquin, L., Xiong, M., Li, R., Lek, S., Li, W., & Zhang, T. (2019).  Reproductive pattern and 
population dynamics of commercial red swamp crayfish (Procambarus clarkii) from China: 
implications for sustainable aquaculture management.  PeerJ, 7, e6214. 
Johnson, M. F., Rice, S. P., & Reid, I. (2014).  The activity of signal crayfish (Pacifastacus 
leniusculus) in relation to thermal and hydraulic dynamics of an alluvial stream, UK.  
Hydrobiologia 724, 41-54. 
Jones, T. (1805).  A history of the county of Brecknock, W & G North, Brecon, Wales. 
Jones, C., & Ruscoe, I. (2000).  Assessent of stocking size and density in the production of redclaw 
crayfish, Cherax quadricarinatus (von Martens) (Decopoda: Parastacidae), cultured under 
earthen pond conditions.  Aquaculture, 189, 63-71. 
Jones, S., & Campbell-Palmer, R. (2014).  The Scottish Beaver Trial: The story of Britain’s first 
licensed release into the wild Final Report.  Scottish Wildlife Trust and Royal Zoological 
Society of Scotland, Edinburgh, Scotland. 
Keane, R. M., & Crawley, M. J. (2002).  Exotic plant invasions and the enemy release hypothesis.  
Trends in Ecological Evolution, 17, 164-170. 
Keller, M. (1988).  Finding a profitable population density in rearing summerlings of European 
crayfish Astacus astacus.  Freshwater Crayfish, 7, 259-266. 
Kessel, S. T., Hussey, N. E., Webber, D. M., Gruber, S. H., Young, J. M., Smales, M. J., & Fisk, A. 
T. (2015).  Close proximity detection interference with acoustic telemetry: the importance of 
considering tag power output in low ambient noise environments.  Animal Biotelemetry, 3, 5-
19. 
Kogan, (1998).  Integrated Pest Management: Historical perspectives and contemporary 
developments.  Annual Review of Entomology, 43, 243-270. 
Kouba, A., Buřič, M., Policar, T., & Kozák, P. (2011).  Evaluation of body appendage injuries to 
juvenile signal crayfish (Pacifastacus leniusculus): relationships and consequences.  
Knowledge and Management of Aquatic Ecosystems, 401, 09. 
  References 
144 
 
Kouba, A., Hamáčkov, J., Buřič, M., Policar, T., & Kozák, P. (2011).  Use of three forms of 
decapsulated Artemia cysts as food for juvenile noble crayfish (Astacus astacus).  Czech 
Journal of Animal Science, 3, 114-118. 
Kouba, A., Petrusek, A., & Kozák, P. (2014).  Continental-wide distribution of crayfish species in 
Europe: update and maps.  Knowledge and Management of Aquatic Ecosystems, 413, 05. 
Kozák, P., Füreder, L., Kouba, A., Reynolds, J., & Souty-Grosset, C. (2011).  Opinion paper  
Current conservation strategies for European crayfish.  Knowledge and Management of 
Aquatic Ecosystems, 401, 01. 
Kreider, J. L., & Watts, S. A. (1998).  Behavioural (feeding) responses of the crayfish, Procambarus 
clarkii, to natural dietary Items and common components of formulated crustacean feeds.  
Journal of Chemical Ecology, 24, 94-111. 
Lawrence, C., Cheng, Y., Morrissey, N., & Williams, I. (2000).  A comparison of mixed-sex vs. 
monosex growout and different diets on the growth rate of freshwater crayfish (Cherax 
albidus).  Aquaculture, 185, 281-289. 
Leclercq. E., Zerafa, B., Brooker, A. J., Davie, A. & Migaud, H. (2018).  Application of passive-
acoustic telemetry to explore the behaviour of ballan wrasse (Labrus bergylta) and lumpfish 
(Cyclopterus lumpus) in commercial Scottish salmon sea-pens.  Aquaculture, 495, 1-12. 
Léger, P. H., Bengtson, D., Simpson, K., & Sorgeloos, P. (1986).  The use and nutritional value of 
Artemia as a food source.  Oceanographic Marine Biol. Annual Review, 24, 521-623. 
Little, E. (1976).  Ontogeny of maternal behaviour and brood pheromone in crayfish.  Journal of 
Comparative Physiology, 112, 133-14. 
Lodge, D. M., & Hill, A. M. (1994).  Factors governing species composition, population size, and 
productivity of cool-water crayfishes.  Nordic Journal Freshwater Research, 69, 111-136. 
Lorenz, T., & Cysewski, G. (2000).  Commercial potential for Haematococcus microalgae as a 
natural source of astaxanthin.  Trends Biotechnology, 4, 160-167. 
Loughman, Z. J., Skalican, K. T., & Taylor, N. D., (2013).  Habitat selection and movement of Cambarus 
chasmodactylus (Decapoda: Cambaridae) assessed via radio telemetry.  Freshwater Science, 
32, 1288-1297. 
Lozán, J. L. (2000).  On the threat to the European crayfish: A contribution with the study of the 
activity behaviour of four crayfish species (Decapoda: Astacidae).  Limnologica, 30, 156-161. 
Louca, V., Ream, H., Findlay, J., Latham, D., & Lucas, M. (2014).  Do culverts impact the 
movements of the endangered white-clawed crayfish?  Knowledge and Management of 
Aquatic Ecosystems, 414, 1-17. 
Lowe, S., Browne, M., Boudjelas, S., & De Poorter, M. (2000).  100 of the world’s worst Invasive 
Alien Species; a selection from the Global Invasive Species Database.  Published by The 
Invasive Species Specialist Group (ISSG) a specialist group of the Species Survival 
Commission (SSC) of the World Conservation Union (IUCN), Auckland, New Zealand. 
Lucas, M. C., & Baras, E. (2000).  Methods for studying spatial behaviour of freshwater fishes in the 
natural environment.  Fish and Fisheries, 1, 283-316. 
Lucey, J. (1999).  A chronological account of Austropotamobius pallipes in Ireland. Bull. I.B.S. 23, 
143-161. 
  References 
145 
 
MA (Millenium Ecosystem Assessment), (2005).  Ecosystems and human well being.  Biodiversity 
Synthesis.  In World Resource Institute.  Island Press,Washington, DC, USA. 
MacArthur, L. D., Babcock, R. C., Hyndes, G. A. (2008).  Movements of the western rock lobster 
(Panulirus cygnus) within shallow coastal waters using acoustic telemetry.  Marine and 
Freshwater Research, 59, 603-613. 
Maitland, P., Sinclair, C., & Doughty, R. (2001).  The status of freshwater crayfish in Scotland in the 
Year 2000.  Glasgow Naturalist, 23, 26-32. 
Manchester, S. J., & Bullock, J. M. (2000).  The impacts of non‐native species on UK biodiversity 
and the effectiveness of control.  Journal of Applied Ecology, 37, 845-864. 
Manfrin, C., Souty-Grosset, C., Anastácio, P. M., Reynolds, J. D., & Giulianini, P. G. (2019).  
Detection and control of invasive freshwater crayfish: From traditional to innovative methods.  
Diversity, 11, 1-16. 
Marshall, I. (2019).  White-clawed Crayfish: National Conservation Strategy.  Environment Agency, 
Northumberland, UK. 
Martin, P., Dorn, N. J., Tadashi, K., Van Der Heiden, C., & Scholtz, G. (2010).  The enigmatic 
Marmorkrebs (marbled crayfish) is the parthenogenetic form of Procambarus fallax (Hagen, 
1870).  Contributions to Zoology, 79, 107–118. 
Martin-Torrijos, L., Llach, M. C., Pou-Rovira, Q., & Dieguez-Uribeondo, J. (2017).  Resistance to the 
crayfish plague, Aphanomyces astaci (Oomycota) in the endangered freshwater crayfish 
species, Austropotamobius pallipes.  PloS ONE, 12, 7. 
Masefield, S. (2018).  Overland movement and activity of the endangered white-clawed crayfish 
Austropotamobius pallipes.  MSc dissertation.  University of Gloucestershire, Cheltenham, 
UK. 
Mathies, N. H, Ogburn, M. B., McFall, G., & Fangman, S. (2014).  Environmental interference 
factors affecting detection range in acoustic telemetry studies using fixed receiver arrays.  
Marine Ecology Progress Series, 495, 27-38. 
Matthews, M. A., Reynolds, J. D., & Keatinge, M. J. (1993).  Macrophyte reduction and benthic 
community alteration by the crayfish Austropotamobius pallipes (Lereboullet).  Freshwater 
Crayfish, 9, 289-299. 
Matthews, M. A., & Reynolds, J. D. (1995).  A population study of the white-clawed crayfish 
Austropotamobius pallipes (Lereboullet) in an Irish reservoir.  Biology and Environment, 95B, 
99-109. 
Mauvisseau, Q., Davy-Bowker, J., Bulling, M., Brys. R., Neyrinek, S., Troth, C., & Sweet, M. (2019).  
Combining ddPCR and environmental DNA to improve detection capabilities of a critically 
endangered freshwater invertebrate.  Scientific Reports, 9, 1-9. 
McClain, W. R., & Romaire, R. P. (2004).  Crawfish culture: a Louisiana aquaculture success story.  
World Aquaculture, 35, 31-35. 
McClain, W. (1995).  Investigations of crayfish density and supplemental feeding as factors 
influencing growth and production of Procambarus clarkii.  Freshwater Crayfish, 10, 512-
520. 
McMahan, M., Cowan, D., Sherwood, G., Grabowski, J., & Chen Y. (2012).  Evaluation of coded 
microwire tag retention in juvenile American lobster, Homarus americanus..  Journal of 
Crustacean Biology, 32, 497-502. 
  References 
146 
 
Meakin, C., Qin, J., & Mair, G. (2008).  Feeding behaviour, efficiency and food preference in 
yabbies Cherax destructor.  Hydrobiologia, 605, 29-35. 
Meakin, C., Qin, J., & Mair, G. (2009).  Zooplankton predation and consumption by freshwater 
crayfish, Cherax tenuimanus, at different sizes and light conditions.  Journal of Freshwater 
Ecology, 24, 159-167. 
Menasveta, P., Worawattanamateekul, W., Latscha, T., & Clark, J. S. (1993).  Correction of black 
tiger prawn (Penaeusmonodon fabricius) coloration by astaxanthin.  Aquacultural 
Engineering, 12, 203–213. 
Moland, E., Olsen, E., Andvord K., & Stenseth, N. (2011).  Home range of European Lobster 
(Homarus gammarus) in a marine reserve: implications for future reserve design.  Canadian 
Journal of Fisheries and Aquatic Science, 68, 1197-1210. 
Momot, W. T., & Leering, G. M. (1986).  Aggressive interaction between Pacifastacus leniusculus 
and Orconectes virilis under laboratory conditions.  Freshwater Crayfish, 6, 87-93. 
Mooney, H. A., & Cleland, E. E. (2001).  The Evolutionary Impact of Invasive Species. Proceedings 
of the National Academy of Sciences of the United States of America, 98, 5446-5451. 
Morhardt, J., Bishir, D., Handlin, C., & Mulder S. (2000).  A portable system for reading large 
passive integrated transponder tags from wild trout.  North American Journal of Fisheries 
Management, 20, 276-283. 
Musil, M., Buřič, M., Policar, T., Kouba, A., & Kozák, P. (2010).  Comparison of diurnal and 
nocturnal activity between noble crayfish (Astacus astacus) and spinycheek crayfish 
(Orconectes limosus).  Freshwater Crayfish, 17, 189-193. 
Naranjo-Páramo, J., Hernandez-Llamas, A., & Villarreal, H. (2004).  Effect of stocking density on 
growth, survival and yield of juvenile redclaw crayfish Cherax quadricarinatus (Decapoda: 
Parastacidae) in gravel-lined commercial nursery ponds.  Aquaculture, 242, 197-206. 
Neveu, A. (2007).  Annual variability in reproduction of the white-clawed crayfish (Austropotamobius 
pallipes): implications for survival.  Acta Oecologica, 32, 68-76. 
Nightingale, J. (2002).  Bristol Zoological Society, Portbury water vole reintroduction 2003-2007.  
Bristol Zoological Society, Bristol, UK. 
Nightingale, J., Clarkson, M., Frayling, M., Robbins, L., Sibley, P., & Stenson, C. (2009).   South 
west white-clawed crayfish conservation strategy 2008–2012.  Bristol Zoological Society, 
Bristol, UK. 
Nightingale, J., & Rudd, J. (2011).  South West Crayfish Project:  Design, construction and 
implementation of a white-clawed crayfish closed circuit breeding system.  In M. Rees, J. 
Nightingale, & D. M. Holdich, (Eds.), Species Survival: Securing white-clawed crayfish in a 
changing environment. Proceedings of a conference held on 16th and 17th November 2010 
in Bristol, UK (pp. 81-91).  Bristol Zoological Society, Bristol, UK. 
Nightingale, J.  (2012).  Captive breeding of white-clawed crayfish within a closed circuit system.  In 
J. Nightingale, & M. Ivey, (Eds.), White-clawed crayfish captive breeding workshop.  
Proceedings of a conferenceP held on October 3rd 2011, Bristol, UK (pp. 59-72).  Bristol 
Zoological Society, Bristol, UK. 
Nightingale, J., Stebbing, P., Sibley, P., Brown, O., Rushbrook, B., & Jones G. (2017).  The use of 
ark sites and associated conservation measures to secure the long-term survival of white-
clawed crayfish in the UK.  International Zoo Year Journal, 51, 50-68. 
  References 
147 
 
Nightingale, J., Stebbing, P., Taylor, N., McCabe G., & Jones, G. (2018a).  Determining an effective 
density regime for rearing juvenile Austropotamobius pallipes in a small-scale closed system 
hatchery.  Aquaculture Research, 49, 3055-3062.  
Nightingale, J., Stebbing, P., Taylor, N., McCabe G., & Jones, G. (2018b).  The effect of size-
grading for rearing young-of-the-year white-clawed crayfish Austropotamobius pallipes.  
Aquaculture Research, 49, 3116-3122. 
Nightingale, J., Stebbing, P., Taylor, N., McCabe G., & Jones, G. (2018c).  The long-term effects 
and detection ranges of passive integrated transponders in white-clawed crayfish 
Austropotamobius pallipes.  Knowledge and Management of Ecosystems, 419, 20-28. 
Nightingale, J., Clarkson, M., Lane, M. R., & Rushbrook, B. (2019).  South west white-clawed 
crayfish conservation strategy 2019–2023.  Bristol Zoological Society, Bristol, UK. 
O’Neill, K., Peay, S., & Whitehouse, A. (2011).  Ark sites for white-clawed crayfish: Is there a 
potential impact of white-clawed crayfish on amphibian populations in ark sites?  In M. Rees, 
J. Nightingale, & D. M. Holdich, (Eds.), Species Survival: Securing white-clawed crayfish in a 
changing environment.  Proceedings of a conference held on 16th and 17th November 2010 
in Bristol, UK (pp. 187-194).  Bristol Zoological Society, Bristol, UK. 
Paglianti, A., & Gherardi, F. (2004).  Combined effects of temperature and diet on growth and 
survival of young-of-year crayfish: A comparison between indigenous and invasive Species.  
Journal of Crustacean Biology, 24, 140-148. 
Parnes, S., & Sagi, A. (2002).  Intensification of redclaw crayfish Cherax quadricarinatus culture I. 
Hatchery and nursery system.  Aquacultural Engineering, 26, 251-262. 
Patoka, Jiří, Miloš Buřič, Vojtěch Kolář, Martin Bláha, Miloslav Petrtýl, Pavel Franta, Robert Tropek, 
Lukáš Kalous, Adam Petrusek, and Antonín Kouba (2016).  Predictions of marbled crayfish 
establishment in conurbations fulfilled: Evidences from the Czech Republic.  Biologia 71, 
(12), 1380-1385. 
Peay, S., Hiley, P. D., Collen, P., & Martin, I. (2006).  Biocide treatment of ponds in Scotland to 
eradicate signal crayfish.  Bulletin Français de la Pêche et de la Pisciculture, 380–381, 
1363–1379. 
Pérez, J. R., Carral, J. M., Celada, J. D., Munoz, C., Sáez‐Royuela, M., & Antolín, J. I. (1998).  
Effects of stripping time on the success of the artificial incubation of white‐clawed crayfish, 
Austropotamobius pallipes (Lereboullet), eggs.  Aquaculture Research, 29, 389-395. 
Pérez, J. R., Carral, J. M., Celada, J. D., Muñoz, C., Sáez-Royuela, M., & Antolı́n, J. I. (1999).  The 
possibilities for artificial incubation of white-clawed crayfish (Austropotamobius pallipes 
Lereboullet) eggs: comparison between maternal and artificial incubation.  Aquaculture, 170, 
29-35. 
Policar, T., Flanigan, M., & Smyth, J. (2008).  Intensive production of white-clawed crayfish 
(pallipes) for restocking purposes in Ireland.  Crayfish News, 30, 8-9. 
Policar, T., Smyth, J., Flanigan, M., Kozák, P., & Kouba, A. (2010).  Optimum water temperature for 
intensive production of Austropotamobius pallipes (Lereboullet) juveniles.  Freshwater 
Crayfish, 17, 51-55. 
Prentice, E., & Park D. (1983).  A study to determine the biological feasibility of a new fish tagging 
system.  Quarterly Progress Report, April–June 1983.  Seattle: Coastal Zone and Estuarine 
Studies Division, Northwest Alaska Fisheries Centre National Marine Fisheries Service 
National Oceanic and Atmospheric Administration, Seattle, USA. 
  References 
148 
 
Pursiainen, M., Jarvenpaa, T., & Westman, K. (1983).  A comparative study on the production of 
crayfish (Astacus astacus L.) juveniles in natural food ponds and by feeding in plastic basins.  
Freshwater Crayfish, 5, 392-402. 
Pyšek, P., Hulme, P. E., Simberloff, D., Bacher, S., Blackburn, T. M., Carlton, J. T., ... & Jeschke, J. 
M. (2020).  Scientists' warning on invasive alien species.  Biological Reviews, 95(6), 1511-
1534. 
Qin, J. G., Ingerson, T., Geddes, M. C., Kumar, M., & Clarke, S. (2001).  Size grading did not 
enhance growth, survival and production of marron (Cherax tenuimanus) in experimental 
cages.  Aquaculture, 195, 239-251. 
Ramalho, R., McClain, R., & Anastácio P. (2010).  An effective and simple method of temporarily 
marking crayfish.  Freshwater Crayfish, 17, 57-60. 
Reynolds, J., Celada, J., Carral, J., & Mathews, M. (1992).  Reproduction of astacid crayfish in 
captivity – current developments and implications for culture with special reference to Ireland 
and Spain.  Invertebrate Reproduction and Development, 22, 253-266. 
Reynolds, J. (1998).  Conservation Management of the white‐clawed crayfish, Austropotamobius 
pallipes. Part 1.  Irish Wildlife Manuals, 1, 1-33. 
Reynolds, J. D. (2002).  Growth and reproduction.  In D. M. Holdich, (Ed.), In Biology and 
Freshwater Crayfish (pp. 152-191).  Blackwell Science: Oxford, UK. 
Reynolds, J., Demers, A. & Marnell. F. (2002).  Managing an abundant crayfish resource for 
conservation – A. pallipes in Ireland.  Bulletin Français de la Pêche et de la Pisciculture, 367, 
823–832. 
Reynolds, J. D., & O’Keeffe, C. (2005).  Dietary patterns in stream-and lake-dwelling populations of 
Austropotamobius pallipes.  Bulletin Français de la Pêche et de la Pisciculture, (376-377), 
715-730. 
Reynolds, J., Souty-Grosset, C., & Richardson, A. (2013).  Ecological roles of crayfish in freshwater 
and terrestrial habitats.  Freshwater Crayfish, 19, 197-218. 
Richman, N. I., Böhm, M., Adams, S. B., Alvarez, F., Bergey, E. A., Bunn, J. J.,  Burnham, Q., 
Cordeiro, J., Coughran, J., Crandall, K.A. & Dawkins, K. L. (2015).  Multiple drivers of 
decline in the global status of freshwater crayfish (Decapoda: Astacidea).  Philosophical 
Transactions of the Royal Society B: Biological Sciences, 370, 20140060. 
Rillahan, C., Chambers, M., Howell, W. H., & Watson, W. H. (2009).  A self-contained system for 
observing and quantifying the behaviour of Atlantic cod Gadus morhua, in an offshore 
aquaculture cage.  Aquaculture, 293, 49-56. 
Robbins, L., Whitehouse, A., Nightingale, J., Lane, M.-R., Clarkson, M., Sibley, P., & Ayre, C. 
(2013).  The South West Crayfish Partnership South West Crayfish Strategy 2013–2018. 
Peterborough: Buglife, The Invertebrate Conservation Trust, Peterborough, UK. 
Robinson, C., Thom, T., & Lucas, M. (2000).  Ranging behaviour of a large freshwater invertebrate, 
the white-clawed crayfish Austropotamobius pallipes.  Freshwater Biology, 44, 509-521. 
Rodgers, L., Saoud, P., & Rouse, D. (2006).  The effects of monosex culture and stocking density 
on survival, growth and yield of redclaw crayfish (Cherax quadricarinatus) in earthen ponds.  
Aquaculture, 259, 164–168. 
Rogers, D. & Watson, E. (2011): Captive breeding and reintroduction of white-clawed crayfish on 
the River Lathkill, Derbyshire.  In M. Rees, J. Nightingale, & D. M. Holdich, (Eds.), Species 
  References 
149 
 
Survival: Securing white-clawed crayfish in a changing environment.  Proceedings of a 
conference held on 16th and 17th November 2010 in Bristol, UK (pp. 141-152).  Bristol 
Zoological Society, Bristol, UK. 
Romano, N., & Zeng, C. (2017).  Cannibalism of decapod crustaceans and implications for their 
aquaculture: A review of its prevalence, influencing factors, and mitigating methods.  
Reviews in Fisheries Science and Aquaculture, 25, 42-69. 
R Development Core Team (2016)  R: A language and environment for statistical computing.  R 
Foundation for Statistical Computing, Vienna, Austria.  
Roussel, J. M., Haro, A., & Cunjak, R. A. (2000).  Field test of a new method for tracking small 
fishes in shallow rivers using passive integrated transponder (PIT) technology.  Canadian 
Journal of Fisheries and Aquatic Sciences, 57, 1326-1329. 
Ryan, K. A., Ebner, B. C., & Norris, R. H. (2008).  Radio-tracking interval effects on the accuracy of 
diel scale crayfish movement variables. Freshwater Crayfish, 16, 87-92. 
Sáez-Royuela, M., Carral, J., Celada, J., & Pérez, J. (2001).  Effect of shelter type and food supply 
frequency on survival and growth of stage-2 juvenile white-clawed crayfish 
(Austropotamobius pallipes Lereboullet) under laboratory conditions.  Aquaculture 
International, 9, 489-497. 
Sáez-Royuela, M., Carral, J., Celada, J., Pérez, J., & González, A. (2007).  Live feed as a 
supplement from the onset of external feeding of juvenile signal crayfish (Pacifastacus 
leniusculus Dana Astacidae) under controlled conditions.  Aquaculture, 269, 321-327. 
Sato, D., & Nagayama, T. (2011).  Development of agonistic encounters in dominance hierarchy 
formation in juvenile crayfish.  The Journal of experimental Biology, 215, 1210-1217. 
Savolainen, R., Ruohonen, K., & Tulonen, J. (2004).  Effect of stocking density on growth, survival 
and cheliped injuries of stage 2 juvenile signal crayfish Pacifastacus leniusculus Dana.  
Aquaculture Research, 231, 237-248. 
Scalici, M., & Gibertini, G. (2007).  Feeding habits of the crayfish Austropotamobius pallipes 
(Decapoda, Astacidae) in a brook in Latium (central Italy).  Italian Journal of Zoology, 74, 
157-168. 
 
Scalici, M., & Gibertini, G. (2009a).  Sexual dimorphism and ontogenetic variation in the carapace of 
A. pallipes (Lereboullet, 1858).  Italian Journal of Zoology, 76, 179-188. 
Scalici, M., & Gibertini, G. (2009b).  Moult and gastroliths in Austropotamobius pallipes (Lereboullet, 
1858).  Knowledge and Management of Aquatic Ecosystems, 394, 14.  
Schlitze, S., Stein., H., & Born., O. (1999).  Radio telemetry observations on migration and activity 
patterns of restocked noble crayfish Astacus astacus (L.) in the small river Sempt, North-
East of Munich, Germany.  Freshwater Crayfish, 12, 688-695. 
Schneider, C., Rasband, W., & Eliceiri, K. (2012).  NIH Image to ImageJ: 25 years of image 
analysis.  Nature Methods, 9, 671-675. 
Schultz, R., & Schultz, H. K. (2004).  Roundtable session 1 threats to indigenous crayfish 
populations – studies on a landscape level.  Bulletin Francais de la Pêche et de la 
Pisciculture, 372, 447-456. 
Shapiro, S., & Wilk, M. (1965).  An analysis of variance test for normality (complete samples).  
Biometrika, 52, 591-611. 
  References 
150 
 
Shepherd, T., Gardner, C., Green, B., & Richardson, A. (2011).  Estimating survival of the tayatea 
Astacopsis gouldi (Crustacea, Decapoda, Parastacidae), an iconic, threatened freshwater 
invertebrate.  Journal of Shellfish Research, 30, 139-145. 
Sibley, P. J., Brickland, J. H., & Bywater, J. A. (2002).  Monitoring the distribution of crayfish in 
England and Wales.  Bulletin Français de la Pêche et de la Pisciculture, 367, 833-844. 
Sibley, P. J. (2003).  The distribution of crayfish in Britain. In Holdich, D. & Sibley, P. (Eds.). 
Management & conservation of crayfish.  Proceedings of a conference held on 7th 
November 2002 at the Nottingham Forest Football Club, Nottingham, UK: (pp. 64–73). 
Environment Agency, Bristol, UK. 
Sibley, P. J., Holdich, D. M., & Richman, N. (2011).  Monitoring the global status of crayfish, with 
particular reference to the white-clawed crayfish.  In M. Rees, J. Nightingale, & D. M. 
Holdich, (Eds.), Species Survival: Securing white-clawed crayfish in a changing 
environment.  Proceedings of a conference held on 16th and 17th November 2010 in Bristol, 
UK (pp. 45-54).  Bristol Zoological Society, Bristol, UK. 
Simpfendorfer, C. A., Heupel, M. R., & Hueter, R. E. (2002).  Estimation of short-term centres of 
activity from an array of omnidirectional hydrophones and its use in studying animal 
movements.  Canadian Journal of Fisheries and Aquatic Science, 59, 23-32. 
Sippel, J., Figureler, M. H., & Peeke, H. V. (1995).  Prior residence effects in shelter defense in adult 
signal crayfish (Pacifastacus leniusculus (Dana)): results in same-and mixed-sex dyads.  
Crustaceana, 68, 873-881. 
Skerritt, D., Robertson, P., Mill, A., Polunini, V., & Fitzsimmons, C. (2015).  Fine-scale movement, 
activity patterns and home-ranges of European lobster Homarus gammarus.  Marine 
Ecology Progress Series, 536, 203-219. 
Slater, F. (2002).  The decline of the white-clawed crayfish (Austropotamobius pallipes (Lereboullet) 
in the rivers of mid-Wales, UK.  Freshwater Crayfish, 13, 233-239. 
Smith, F. (2013).  Understanding HPE in the VEMCO Positioning System (VPS).  http: 
//vemcocom/wp-content/uploads/ 2013/09/understanding-hpe-vps.pdf  
Smith, R., Speak, E., Preston-Mafham, L., Pitt, H., Hale, A., & Slater, F. (2009).  The South East 
Wales Crayfish Project: work to inform choice of donor and ark (receptor) sites for white -
clawed crayfish translocation.  Environment Agency, Cardiff, Wales. 
 
Sonsupharp, S., & Dahms, H.U. (2017).  Effect of frozen zooplankton feed on growth and 
reproductive performance of crayfish (Procambarus clarkii).  International Journal of 
Agricultural Technology, 13, 2317-2324. 
Soorae, P.S. (2008).  Global Reintroduction Perspectives: 2018.  Case studies from around the 
globe.  International Union for the Conservation of Nature. 1-300, Gland, Switzerland. 
Souty-Grosset, C., & Reynolds, J. (2009).  Current ideas on methodological approaches in 
European crayfish conservation and restocking procedures.  Knowledge and Management of 
Aquatic Ecosystems, 1, 394-395. 
Stead, V., Cherrill, A., & Pope, T. (2015).  Tuning in to crayfish.  Bulletin of the Chartered Institute of 
Ecology and Environmental Management, 89, 11-13. 
Stenroth, P., Holmqvist, N., Nyström, P., Berglund, O., Larsson P., & Granéli W. (2006).  Stable 
isotopes as an indicator of diet in omnivorous crayfish (Pacifastacus leniusculus): the 
  References 
151 
 
influence of tissue, sample treatment, and season.  Canadian Journal of Fisheries and 
Aquatic Sciences, 63, 821-831. 
 
Strand, D. A., Johnsen, S. I., Rusch, J. C., Agersnap, S., Larsen, W. B., Knudsen, S. W., Møller, P. 
R., & Vrålstad, T. (2019).  Monitoring a Norwegian freshwater crayfish tragedy: eDNA 
snapshots of invasion, infection and extinction.  Journal of Applied Ecology, 56, 1661–1673. 
Sunde, L., Imsland, A., Folkvord, A., & Stefansson, S. (1998).  Effects of size grading on growth and 
survival of juvenile turbot at two temperatures.  Aquaculture International, 6, 19-32. 
Taugbøl, T., & Skurdal, J. (1993).  Noble crayfish catching in Norway: legislation and yield.  
Freshwater Crayfish, 9, 134-43. 
Taugbøl, T., & Peay, S. (2004).  Roundtable Session 3.  Reintroduction of native crayfish and 
habitat restoration.  Bulletin Francais de la Pêche et de la Pisciculture, 373, 465-471. 
Tidewell, J., Coyle, S., & Dasgupta, S. (2004).  Effects of stocking different fractions of size graded 
juvenile prawns on production and population structure during a temperature-limited grow 
out period.  Aquaculture, 231, 123-134. 
Treece, G. (2000).  Artemia production for marine larval fish culture.  Southern Regional 
Aquaculture Centre, 702, 1-8. 
 
Treguier, A., Paillisson, J. M., Dejean, T., Valentini, A., Schlaepfer, M. A., & Roussel, J-M. (2014).  
Environmental DNA surveillance for invertebrate species: advantages and technical 
limitations to detect invasive crayfish Procambarus clarkii in freshwater ponds.  Journal of 
Applied Ecology, 51, 871-879. 
Tricarico, E., Renai, B., & Gherardi, F. (2005).  Dominance hierarchies and status recognition in the 
threatened crayfish Austropotamobius italicus.  Bulletin Francais Pêche Pisciculture, 376, 
65-664. 
Tricarico, E., & Gherardi, F. (2010).  Past ownership makes crayfish more aggressive.  Behavioral 
Ecology and Sociobiology, 64, 575-581. 
Ulikowski, D. (1996).  Podchow rakow sygnalowych (Pacifastacus leniusculus Dana) warunkach 
kontrolowanych.  Komunikaty Rybackie, 1, 28-29. 
Ulikowski, D., Krzywosz, T., & Śmietana, P. (2006).  A comparison of survival and growth in juvenile 
Astacus leptodactylus (Eschscholtz) and Pacifastacus leniusculus (Dana) under controlled 
conditions.  Bulletin Français de la Pêche et de la Pisciculture, 380-381, 1245-1253. 
 
Varia, S., Pollard, K., & Ellison, C. (2016).  Implementing a novel weed management approach for 
himalayan balsam: progress on biological control in the UK.  Outlooks on Pest Management, 
27, 198-203. 
Vogt, G. (2002).  Functional anatomy.  In D. M. Holdich (Ed.), Biology and Freshwater Crayfish (pp. 
53-151).  Blackwell Science: Oxford, UK. 
Wallat, G., Tiu, G., Wang, H., Rapp, D., & Leighfield, C.  (2005).  The effects of size grading on 
production efficiency and growth performance of yellow perch in earthen Ponds.  North 
American Journal of Aquaculture, 67, 34-41. 
Wallat, G. K., Tiu, L. G., Wang, H. P., Rapp, D., & Leighfield, C. (2005).  The effects of size grading 
on production efficiency and growth performance of yellow perch in earthen ponds.  North 
American Journal of Aquaculture, 67, 34-41. 
  References 
152 
 
Wang, Q., Yang, J., Zhou, G., Zhu, Y., & Shan, H. (2011).  Length–weight and chelae length–width 
relationships of the crayfish Procambarus clarkii under culture conditions.  Journal of 
Freshwater, 26, 287–294. 
Wang, Q., Yang, J., Zhou, G., Jiang, Q., & Zhu, H. (2014).  A comparison of gender growth 
performance of Procambarus clarkii (Girard, 1852) under aquaculture conditions.  Journal of 
Crustacean Biology, 34, 717-721. 
Ward, D., Føre, M., Howell, W. H., & Watson, W. (2012).  The influence of stocking density on the 
swimming behaviour of adult Atlantic Cod, Gadus morhua, in a near shore net pen.  Journal 
of the World Aquaculture Society, 43, 621-634. 
Webb, M., & Richardson, A., 2004.  A radio telemetry study of movement in the giant Tasmanian 
freshwater crayfish, Astacopsis gouldi.  Freshwater Crayfish, 14, 197-204. 
Westhoff, J., & Sievert, N. (2013).  Mortality and growth of crayfish internally tagged with PIT tags.  
North American Journal of Fisheries Management, 33, 878-881. 
Westman, K., Pursiainen, M., & Westman, P. (1990).  Status of crayfish stocks, fisheries, disease 
and culture in Europe. Report of the FAO European Inland Fisheries Advisory Commission 
(EIFAC) Working Party on Crayfish.  Finnish Game and Fisheries Research Institution 
Report, 3, 1-206.  Helsinki, Finland. 
Westmann, K. (1992).  Management of noble crayfish and the signal crayfish in Finland.  Finnish 
Fisheries Research, 14, 39-41. 
Whitehouse, A. T., Peay, S., & Kindemba, V. (2009).  Ark sites for white-clawed crayfish – guidance 
for the aggregates industry.  Buglife - The Invertebrate Conservation Trust, Peterborough, 
UK. 
Williams, F., Eschen, R., Harris, A., Djeddour, D., Pratt, C., Shaw, R. S., Varia, S., Lamontagne-
Godwin, J., Thomas, S. E., & Murphy, S. T. (2010).  The economic cost of invasive non-
native species on Great Britain.  CABI Proj No VM10066, 1-99. 
Wiles, P., & Guan, R. (1993).  Studies on a new method for permanently tagging crayfish with 
microchip implants.  Freshwater Crayfish, 9, 419-425. 
Woodland, D. (1967).  Population study of a freshwater crayfish Cherax albidus Clark: with 
particular reference to the ecoenergetics of a population.  PhD Thesis.  University of New 
England, Armidale, NSW, Australia. 
Woodlock, B., & Reynolds, J. D., (1988).  Laboratory breeding studies of freshwater crayfish, 
Austropotamobius pallipes (Lereboullet).  Freshwater Biology, 19, 71-78. 
Wu, W., Wang, L., & Zhang, A. (2005).  Identification of white spot syndrome virus (WSSV) 
envelope proteins involved in shrimp infection.  Virology, 332, 578-583. 
Wye and Usk Foundation, (2014) LIFE Project Number Irfon Special Area of Conservation project 
(ISAC) Final Report LIFE08NAT/UK/000201.  Talgarth: Wye and Usk Foundation. 31-34. 
Yue, G. H., Wang, G. L., Zhu, B. Q., Wang, C. M., Zhu, Z. Y., & Lo, L. C. (2008).  Discovery of four 
natural clones in a crayfish species Procambarus clarkii.  International Journal of Biological 





  Appendix I 
154 
 
  Appendix I 
155 
 
  Appendix I 
156 
 
  Appendix I 
157 
 
  Appendix I 
158 
 
  Appendix I 
159 
 
  Appendix I 
160 
 
  Appendix I 
161 
 
  Appendix I 
162 
 
  Appendix I 
163 
 
  Appendix I 
164 
 
  Appendix I 
165 
 
  Appendix I 
166 
 
  Appendix I 
167 
 
  Appendix I 
168 
 
  Appendix I 
169 
 












  Appendix II 
173 
 
  Appendix II 
174 
 
  Appendix II 
175 
 
  Appendix II 
176 
 
  Appendix II 
177 
 
  Appendix II 
178 
 








  Appendix III 
181 
 
  Appendix III 
182 
 
  Appendix III 
183 
 
  Appendix III 
184 
 
  Appendix III 
185 
 











  Appendix IV 
188 
 
  Appendix IV 
189 
 
  Appendix IV 
190 
 
  Appendix IV 
191 
 
  Appendix IV 
192 
 
  Appendix IV 
193 
 
  Appendix IV 
194 
 
 
 
 
 
